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THESIS ABSTRACT 
Trichomonads have attracted considerable attention over the years as parasites of human and 
veterinary importance. Unlike the human infecting parasite Trichomonas vaginalis, Tritrichomonas 
foetus can be found in a range of distantly related mammals. Initially identified as a commensal 
organism of the nasal cavity and digestive tract of pigs, T. foetus later became notorious as a parasite 
of high veterinary importance, parasitising the urogenital tract of cattle and thus contribute to 
infertility. Within the last decade T. foetus was also identified as the causative agent of large bowel 
diarrhoea in domestic cats. Current prevalence has seen feline trichomoniasis as a global veterinary 
problem and bovine trichomoniasis appears to be re-emerging as a serious disease burden in cattle. 
Although it is not unusual for a parasite to have a wide host range, the diverse tissue tropism, routes of 
transmission and pathogenicity of T. foetus isolates within different hosts is confounding. This in part, 
could be attributed to the limited knowledge of molecules governing T. foetus host-specificity and 
biological variation. Recent comparative genotypic and transcriptomic analysis of T. foetus have 
revealed a high degree of similarity exists between T. foetus isolates. However, they have been unable 
to define the dynamic molecules involved in driving this host-specificity. Quantitative proteomic 
analysis could address this and may shed light on the molecules governing T. foetus host-specificity. 
Therefore, this thesis aimed to provide an in-depth quantitative proteomic analysis of T. foetus 
baseline proteomes from three distinct hosts to enhance the understanding of T. foetus. To achieve this, 
experimental investigations were performed into aspects of parasite genotypic variation and virulence, 
all of which have generated quantitative proteomic data.  
Firstly, quantitative proteomic analysis using gel-based, two-dimensional gel electrophoresis (2DE) 
was undertaken using whole cell lysates from two parasitic bovine and feline T. foetus isolates. Both 
isolates exhibited largely similar proteomes with only 24 spots identified as having a four-fold or 
greater change. However, deeper analysis using 2DE zymography and protease-specific fluorogenic 
ABSTRACT  28 
substrates revealed marked differences in cysteine protease (CP) expression profiles between the two 
genotypes, which may help account for the pathogenic and histopathological differences previously 
observed between T. foetus genotypes in cross-infection studies and potentially highlights the 
importance of CPs as major determinants of parasite virulence. 
Following this initial investigation, the proteomes of a commensal porcine T. foetus isolate, as well 
as parasitic bovine and feline T. foetus isolates were characterised using a gel-free, label free ‘bottom-
up’ approach. This constituted the first comprehensive baseline proteome of a commensal porcine T. 
foetus isolate. T. foetus isolates, from diverse hosts and unique host niches, were analysed using mass 
spectrometry to characterise both the commonality of their proteomes and to identify isolate-specific 
variations. A high level of similarity between the proteomes of T. foetus from unique hosts was 
confirmed. Of note, a greater degree of similarity was identified between the bovine and porcine 
isolates that constitutes the ‘bovine genotype’ with 67% of proteins shared (only ~60% of proteins 
were shared between the isolates from the ‘bovine genotype’ and ‘feline genotype’). Interestingly, 
both quantitative proteomics and fluorogenic analysis identified a unique CP profile amongst all three 
T. foetus isolates, with markedly reduced CP activity in commensal porcine T. foetus whole cell 
lysates when compared with the parasitic T. foetus whole cell lysates, suggesting these CPs may 
influence the isolates’ virulent phenotype. In addition, comparison of this gel-free method with the in-
gel quantitative analysis highlighted both techniques were necessary to attain a complete picture of 
complex proteomes of T. foetus isolates.  
The third study investigated secretomes isolated from parasitic bovine and feline T. foetus. This 
fraction is directly involved in host-parasite interactions and contains proteins integral to the infection 
process. In-gel 2DE coupled with glycoprotein and phosphoprotein specific stains were applied to 
analyse the secretomes. This constitutes the first proteomic analysis of the secretome of T. foetus from 
any host origin. A range of unique virulent protein profiles were resolved between isolates including 
those of the multigene CP family. In particular CP8 was more abundant in the secretome of the bovine 
isolate, while CP7 was more abundant in the feline isolate. Furthermore, a number of proteins 
involved in facilitating isolate-specific adaptations that may impact reinfection success in subsequent 
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generations were identified. These included proteins involved in combating host defence systems, such 
as thioredoxin peroxidase and dual functioning proteins, such as fructose-1,6-bisphosphate with roles 
in adhesion. Furthermore, the dynamic post-translational modifications, glycosylation and 
phosphorylation, were identified on approximately 64% (glycosylation) and 30% (phosphorylation) of 
bovine secretomes and 41% (glycosylation) and 30% (phosphorylation) of feline secretomes and are 
suggested to contribute to the unique secretome profiles of bovine and feline T. foetus.  
Overall, this thesis has created a platform to advance future T. foetus research in the fields of 
epidemiology and drug target discovery. The three proteomes generated for two parasitic T. foetus 
isolates and a newly isolated commensal isolate, cultured in identical environmental conditions, 
provide a comprehensive baseline towards understanding host-specific differences between isolates 
originating from the three unique hosts. This work demonstrates that a range of quantitative proteomic 
approaches are suitable for analysis of T. foetus, all of which provide important insights into key 
aspects of parasite biology. These studies provide an important proteomic complement for 
transcriptomic data currently available in the literature, which is necessary for undertaking a systems 
biology approach to understanding T. foetus.  
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 PROTOZOA 1.1
Protozoa are a highly diverse group of eukaryotic unicellular organisms that commonly exhibit 
characteristics normally associated with animals (e.g. motility, heterotrophy). In fact, they are so 
diverse that it is impossible to categorise them within a single phylum (Cavalier-Smith, 2002). Some 
exist as free living organisms within their natural ecosystem, while others live within or on a host and 
obtain nutrients at the host’s expense; a relationship known as parasitism (Fenchel, 2013). Parasitic 
protozoa that cause infections in humans are responsible for some of the most prevalent and 
devastating illnesses known to mankind. Diseases including malaria (Plasmodium spp.) and amebiasis 
(Entamoeba histolytica) threaten the lives of approximately one-third of the population world-wide 
(Table 1.1) and cause more than one million deaths annually (Lozano et al., 2012, World Health 
Organization, 2015, Torgerson et al., 2015). While diseases caused by other protozoan parasites such 
as Trichomonas vaginalis (vaginitis or urethritis) and Giardia intestinalis (also known as G. lamblia) 
(diarrhoea) are not directly lethal, they result in significant morbidity and are associated with a number 
of adverse outcomes (World Health Organization, 2012, Lee et al., 2013, Kirk et al., 2015b). Protozoa 
are not restricted to human hosts. Tritrichomonas foetus (trichomoniasis), Cryptosporidium parvum 
(cryptosporidiosis), Eimeria spp. (coccidiosis) and Neospora caninum (neosporosis) also significantly 
impact the life of animals and undermine global food security (Fitzpatrick, 2013).  
Parasitic infections predominantly occur in war-torn or developing nations plagued by poor 
sanitary conditions and unsuitable drug treatments (Reguera et al., 2008, Escobedo et al., 2010, 
Fletcher et al., 2012, Speich et al., 2016). However, due to the increase of human migration and 
international trade of food products, there has been a resurgence of parasitic infections within 
developed nations (Lubbert and Schneitler, 2016, Showler et al., 2014, Agnamey et al., 2010, Fletcher 
et al., 2012, Dixon, 2016). This coupled with an increased prevalence of parasitic infections in 
immunocompromised and at-risk individuals more susceptible to severe forms of disease have also 
contributed to the increase in parasitic infections (Padilla et al., 2002, Fevre et al., 2006, Ximenez et 
al., 2009, Marcos and Gotuzzo, 2013). Parasitic infections in at-risk groups (i.e. children, human 
immunodeficiency virus (HIV) patients, organ transplant recipients and pregnant woman) establish 
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infection more rapidly, are longer lasting, are harder to treat and carry a higher mortality rate (Ferreira 
et al., 1997, Nissapatorn et al., 2004, World Health Organization, 2004, Alvar et al., 2008). The 
widespread prevalence of protozoa coupled with the emergence of drug resistant strains increases the 
demand for suitable treatments targeting protozoan infections (Fairlamb et al., 2016). 
Table 1.1: Global impact of protozoan parasitic infections on humans 
Protozoa Disease 
Estimated Global 
Prevalence 
Trichomonas vaginalis Trichomoniasis 276 million* 
Plasmodium spp. Malaria 149-303 million 
Giardia intestinalis Giardiasis 130-263 million 
Entamoeba histolytica Amebiasis 47-211 million 
Toxoplasma gondii Toxoplasmosis 16-29 million 
Trypansosoma cruzi Chagas disease 8 million 
Leishmania spp. Leishmaniasis 0.9 to 1.6 million** 
Trypanosoma rhodesiense 
Trypanosoma gambiense 
African sleeping sickness 
0.003 million 
0.014 million 
*This number represents the number of new cases of trichomoniasis. The prevalence of trichomoniasis 
is severely underestimated as 50% of women are asymptomatic and 70% of infected males are 
asymptomatic or mildly symptomatic carriers and transmitters of the disease. Trichomoniasis is not a 
notifiable infection, which also contributes to underestimation of its prevalence (Wittmann-Liebold et 
al., 2006, Kok and Pechere, 2010). **0.2-0.4 million visceral leishmaniasis cases and 0.7-1.2 million 
cutaneous leishmaniasis cases occur each year (World Health Organization, 2010, Alvar et al., 2012, 
World Health Organization, 2012, Franco et al., 2014, Kirk et al., 2015a, Kirk et al., 2015b, Torgerson 
et al., 2015). 
 PROTEASES OF PARASITIC PROTOZOA 1.2
Parasites are constantly engaged in a molecule battle with their host. In order to combat against the 
host, these “simple” organisms express a plethora of molecules termed virulence factors, including 
glycosidases, adhesion molecules, carbohydrates and proteases that exploit their respective hosts and 
facilitate invasion and adhesion events (Walker et al., 2014). In particular proteases are believed to be 
key molecules involved in the survival and reproduction of protozoan parasites including T. vaginalis, 
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T. foetus, and P. falciparum (McKerrow et al., 1993, Mallinson et al., 1995). Proteases are enzymes 
that hydrolyse peptide bonds of proteins, resulting in protein catabolism. Initially these enzymes are 
categorised based on their ability to cleave peptides internally (endopeptidase) or externally at the 
amino or carboxyl terminus (exopeptidase). Further classification is based on the principal residue at 
the active site; the main types being aspartic, cysteine, metallo, threonine and serine (Barrett et al., 
2012). Proteases are vital to processes including metabolism, physiology and pathogenesis (i.e. 
invasion, adhesion, nutrient acquisition, and immune evasion) (McKerrow et al., 1993, Donnelly et al., 
2011, Stack et al., 2011). In addition, proteases are involved in proteolysis, the ubiquitous post-
translational modification (PTM), which is essential to activate, inactivate or alter the function of 
certain proteins (Barrett et al., 2012, Rogers and Overall, 2013).  
Within P. falciparum, proteases from all five catalytic types (aspartic, cysteine and metallo, 
threonine and serine) have been identified as playing key roles in the complex multistage lifecycle of 
this parasite. The serine protease, SUB1 mediates processing of the most abundant protein on the 
merozoite surface, MSP1. This processing enables binding of the parasite to host erythrocytes and has 
also been proposed to facilitate erythrocyte rupture, enabling parasite egress (release of merozoites 
from infected cells) (Lin et al., 2014, Das et al., 2015). Furthermore, proteases including plasmepsins 
(aspartic protease), M1 aminopeptidases (metalloprotease) and falcipains (cysteine protease (CP)) are 
involved in hydrolysing haemoglobin in the food vacuole, an essential step in the erythrocytic 
development of P. falciparum (Rosenthal, 2011, Liu et al., 2006, Ragheb et al., 2011, Gavigan et al., 
2001). Haemoglobin degradation provides vital nutrients (e.g. amino acids involved in protein 
synthesis) for the replicating parasite while also creating more space within the erythrocyte for 
reproduction (McKerrow et al., 1993, Stack et al., 2011, Liu et al., 2006). Interestingly, treatment of 
Plasmodium vinckei, the causative agent of malaria in mice, with peptide CP inhibitors led to an 
accumulation of undigested haemoglobin in the food vacuole and clearance of the parasite (Rosenthal 
et al., 1993). Furthermore, knockdown studies of the falcipain-2 gene inhibited haemoglobin 
degradation, which was evidenced by an accumulation of intact haemoglobin inside the parasite food 
vacuole (Sijwali and Rosenthal, 2004). Given the role of proteases in P. falciparum pathogenesis, a 
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number have already been proposed as putative drug targets for future drug discovery projects 
(Drinkwater et al., 2017, Ersmark et al., 2006, Qidwai, 2015). 
 PATHOGENESIS 1.3
 Initial contact with the host – adhesion/invasion  1.3.1
Following transmission, parasites must adhere to (extracellular) or invade (intracellular) susceptible 
host cells to establish infection. Parasites display a wide array of adaptations that enhance their ability 
to initiate infection. These include adhesion molecules on the parasites surface that aid in the 
attachment of the parasite to the host and the secretion of proteins, particularly proteases, and other 
molecules which play a role in cytotoxicity and facilitate penetration into the host cell (Pina-Vazquez 
et al., 2012, Yoshida et al., 2011). 
Giardia intestinalis is an extracellular parasite transmitted via contaminated water, and many 
developing countries are considered endemic regions. Symptoms can be variable, however, most often 
they are characterised by watery diarrhoea, epigastric pain, nausea, vomiting and weight loss (Halliez 
and Buret, 2013). During transmission the parasite survives the harsh external environment of the 
host’s stomach by enclosing itself in a thick-walled protective covering, known as a cyst (Einarsson 
and Svärd, 2015, Lauwaet et al., 2007). The acidic milieu of the stomach and the presence of reducing 
agents (trypsins, bile salts, and so forth) within the duodenum of the host initiate excystation to a 
motile trophozoite (active feeding stage), allowing transmission. G. intestinalis trophozoites secrete 
proteases, such as cathepsin B-like CPs, which degrade the mucosa and evade the host immune 
response by cleaving interleukin-8 (IL-8) (Cotton et al., 2014). Together these proteases enhance the 
penetration through the protective mucosal layer of the cell wall and facilitate attachment to the 
gastrointestinal tract (de Carvalho et al., 2008, Cotton et al., 2014). Trophozoites also secrete arginine 
deiminase, which deprives intestinal epithelial cells of arginine, thereby impairing intestinal epithelial 
proliferation and nitric oxide production (Stadelmann et al., 2013, Ringqvist et al., 2008). Attachment 
to the small intestine epithelial cell wall is facilitated by a suction-based mechanism involving the 
ventral disk, a specialised disc on the surface of the parasite (Woessner and Dawson, 2012), flagellar 
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motility and a variety of surface bound proteins including giardins, lectins and variant surface proteins 
(VSPs) (Ankarklev et al., 2010). Once attached, G. intestinalis disrupts the integrity of the epithelial 
tight junctions via caspase-3-dependent apoptosis (Di Genova and Tonelli, 2016, Koh et al., 2013) 
This consequently increases intestinal permeability by removing the intestinal barrier, thus enhancing 
the infection within the gastrointestinal tract (Buret, 2008). 
 Nutrient Acquisition  1.3.2
The capacity of a parasite to hijack and import essential nutrients from its host environment is 
critical to its ability to maintain infection. This can be challenging for a parasite given the dynamic 
environment it encounters, which may alter in available nutrients, pH, temperature, ionic composition 
and so forth. Furthermore, it must also compete with the host as well as other organisms that comprise 
the microbiota for these nutrients. This process in itself presents a number of challenges in relation to 
nutrient availability. Unlike free-living organisms, parasites are often unable to synthesise key 
nutrients de novo. For example, important molecules required for cellular function, such as purines, 
pyrimidines and many lipids must be acquired from the host (Thompson et al., 2005, Heine and 
McGregor, 1993). Therefore, the capacity to import essential nutrients is a central component for its 
survival. Parasites utilise a variety of strategies to procure essential nutrients from their host. This is 
achieved through phagocytosis, endocytosis or transport pathways, which are utilised to take up host 
cells, commensal microorganisms or molecules (Robibaro et al., 2001, Pereira-Neves and Benchimol, 
2007, Landfear, 2011, Carruthers, 2015).  
A prime example of acquiring nutrients from a host can be demonstrated in P. falciparum. During 
the intraerythrocytic (red blood cell) phase of its life cycle, P. falciparum uses both endocytosis and 
phagocytosis to ingest up to 80% of host cell haemoglobin for subsequent digestion in the acidic 
digestive vacuole (Elliott et al., 2008). Once in the digestive vacuole multiple resident proteases 
(aspartic proteases, plasmepsins I, II, III and IV; CPs, falcipain-2 and -3; and metalloprotease, 
falcilysin) sequentially digest haemoglobin and liberate amino acids essential to its survival and 
replication (Loria et al., 1999, Goldberg, 2005, Sherman et al., 1970, Liu et al., 2006). This process is 
clearly important for P. falciparum as inhibitor and knockdown studies have shown multiple layers of 
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redundancy exist to ensure amino acids are acquired (Liu et al., 2006). Liberated amino acids are 
incorporated into proteins enabling further growth and replication of the parasite. At the same time 
P. falciparum also acquires iron, a co-factor essential for the functioning of numerous proteins, from 
haemoglobin (Gabay and Ginsburg, 1993). Without these nutrients, P. falciparum cannot survive and 
thus, the process of nutrient acquisition represents an Achilles heel for the development of novel 
treatment strategies. Haemoglobin degradation not only provides P. falciparum with a source of 
essential nutrients, it also creates space for the growing parasites within the erythrocyte (Sherman et 
al., 1970, de Koning-Ward et al., 2016, Krugliak et al., 2002).  
 Host Immune Response 1.3.3
Pathogenicity is largely dependent on the ability of parasitic protozoa to evade its host immune 
system. In contrast to viral or bacterial invasion, parasites are complex eukaryotic pathogens that often 
present as multiple lifecycle stages within their mammalian host. Not only this, the ability of parasites 
to manipulate the host immune response can lead to chronic infections (McGovern and Wilson, 2013). 
The host uses a complex array of protective mechanisms to control and eliminate parasitic infections 
(Figure 1.1). These include nonspecific immune responses such as mucosal barriers, pH, temperature; 
innate mechanisms, including complement and toll-like receptors natural killer cells, and 
phagocytosis; adaptive immune mechanisms, including pathogen-specific humoral and cell-mediated 
responses (Akira et al., 2006, Iwasaki and Medzhitov, 2015, Johansson and Hansson, 2016).  
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Figure 1.1 Host immune defences initiated during a protozoan parasitic infection. In this example of 
the immune response, different mechanisms are deployed during the successive stages of infection 
(Schmid-Hempel, 2008). Protozoan parasites elicit a Th1 response involving activated macrophages 
that does not involve eosinophils. Abbreviations: IL, interleukin; TNF-α, tumour necrosis factor-alpha; 
NO, nitric oxide; NK, natural killer cells; IFN-α, interferon-alpha  
 Innate immunity 1.3.3.1
Initial responses to parasitic infections involves the induction of inflammatory chemokines (i.e. IL-
8, IL-2 and IL-1β) from infected cells, which recruit neutrophils and macrophages to the site of 
infection. The initial recruitment of these immune cells initiates the production of another set of 
chemokines that serve as chemoattractants for dendritic cells, monocytes and macrophages. These 
cells perform several roles in the immune response, including killing of the parasites via the 
production of reactive oxygen species (ROS) and nitric oxide (NO) and initiation of the adaptive 
immune response by acting as antigen presenting cells (Bogdan et al., 2000, Egan et al., 2008, Iwasaki 
and Medzhitov, 2015). Furthermore, these immune cells secrete cytokines (i.e. IL-12) and drive the 
production of IFN-γ by natural killer (NK) cells and later T-cells in areas where parasites are 
replicating (Lotter et al., 2009, Tato et al., 2003). Figure 1.2 highlights the multifaceted host immune 
response mounted against the extracellular protozoan parasite, E. histolytica, an example of molecular 
warfare between parasite and host. 
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Figure 1.2: Schematic overview of host immunity during an Entamoeba histolytica infection in the 
large intestine. The first line of host defence against enteropathogens is the stomach acid. Upon entry 
into the intestinal lumen, excystation occurs. Immunoglobulin A (IgA), mucins (MUC2) and 
antimicrobial peptides (AMP) within the mucous layer protect host cells from the parasite. Adhesion 
of parasites to surface glycoconjugates and secretion of parasite glycosidases and cysteine proteases 
(CPs) degrades mucous and enables binding of the parasite intestinal epithelial cells (IEC). Contact 
with IEC and secretion of prostaglandin 2 (EhPGE2), CPs, glycosidases and amoebapores increases 
permeability of tight junctions, IEC apoptosis, and invasion of lamina propria. Interleukin (IL)-1β 
released from damaged/dead IECs and binding of lipophosphopeptidogylcan (EhLPPG) to TLR 
(TLR2 and TLR4) and EhPGE2 to EP-4 activates a NFκB signalling cascade (Dey and Chadee, 2008), 
initiating the release of IL-8 and IL-1β and cylooxengenase-2 (COX-2), inducible nitric oxide synthase 
(iNOS), monocyte chemoattractant protein (MCP) and AMP (defensin 2). This recruits host 
inflammatory cells (i.e. neutrophils) to the mucosal and submucosal regions. Gal/GalNAc lectin binds 
to macrophages activating host cytokines (IL-1β and IL-18). Release of tumour necrosis factor-alpha 
(TNF-α) from activated macrophages stimulate neutrophils and macrophages to release reactive 
oxygen species (ROS) and nitric oxide (NO), which kill the parasite and damage IEC. Antioxidants 
peroxiredoxin (PRX) and thioredoxin (TRX) from E. histolytica, detoxify ROS. E. histolytica PGE2 
can also suppress ROS production and inhibit the antigen-presenting (A-P) ability of macrophages, 
(highlighted with red lines). Dendritic cells (DCs) in the lamina propria act as A-P cells and recognise 
EhLPPG via TLR-2. DCs activate natural killer cells (NK) and CD4 T-cells (Mortimer and Chadee, 
2010, Marie and Petri, 2014). 
 Adaptive immunity 1.3.3.2
If the innate immune response is unable to neutralise the protozoan infection, the adaptive immune 
system is activated. Both humoral (antibodies, helper T-cells and B-cells) and cell-mediated responses 
(cytotoxic T-cells, macrophages, Natural killer (NK) cells) are involved and work to induce a long-
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term antigen-specific protection against pathogens (Zambrano-Villa et al., 2002). Antibodies play a 
significant role in the adaptive immune response and are released to counter extracellular 
microorganisms. Specifically, for extracellular parasites, the antibodies immunoglobulin G (IgG) and 
immunoglobulin A (IgA) are key to successfully mount a defence. IgG is a major circulating antibody 
within the circulatory system, while IgA is secreted in response to infections on mucosal surfaces 
(Lamm, 1998, Mestecky et al., 2005, Macpherson et al., 2008). Host cell-mediated immunity targets 
intracellular infections and is mediated by T helper 1 cells (Th1). In general, protozoan parasites elicit 
a Th1 response (humoral and/or cellular-mediated response involving activated macrophages), while 
helminth parasites (worms) elicit a Th2 (or mixed Th1/Th2) inflammatory response that involves mast 
cells, eosinophils and immunoglobulin E (IgE) (Iwasaki and Medzhitov, 2015). 
 Immune evasion  1.3.3.3
The battle between parasite and host is an arms race. While the host immune system works to fight 
off the parasitic infection, the parasite rapidly responds evade these offensive onslaughts. Often 
parasitic protozoa utilise a variety of mechanisms to overcome host immune defences. These defence 
mechanism are largely dependent on the location of the parasite in the host cell (i.e. intracellular or 
extracellular) and their stage of life cycle (Zambrano-Villa et al., 2002). Such strategies include 
immune escape, molecular masking/mimicry, blocking, intracellular location, antigenic variation, and 
immunomodulation (Girones et al., 2005, Prucca et al., 2008, Que and Reed, 1997).  
The extracellular protozoan parasite, Trypanosoma brucei, is the causative agent of African 
sleeping sickness and is a prime example of how a parasite is capable of evading the host immune 
system and utilises a number of the mechanisms listed above. To evade both the innate immunity (i.e. 
macrophages) as well as the humoral immune responses, T. brucei employs antigenic variation of 
variant surface glycoprotein (VSG) to avoid immune system recognition and antibody-mediated 
clearance (McCulloch and Field, 2015). In the blood stream stage the cell surface of T. brucei is 
covered with copies of a single VSG. Antigenic variation results when VSG expression is altered by 
switching on and off various telomeric active sites that transcribe variations of the VSG gene enabling 
evasion of the host immune response (Paulnock and Coller, 2001, Glover et al., 2013).  
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Trypanosomes have also invested in perhaps the most insidious immune response whereby it 
suppresses the host adaptive immune response. The generalized immune suppression has been 
reported to affect both the humoral (B-cell) and the cellular (T-cell and macrophage) immune 
functions (Taylor, 1998, Tabel et al., 2008). B-cell suppression is mediated at least in part by 
macrophages and results from clonal exhaustion (Corsini et al., 1977, Donelson et al., 1998). In mice 
infected with T. brucei, B-cell lymphopoiesis is truncated in the bone marrow and compensatory 
extramedullary B-cell lymphopoiesis is induced (but not completed) in the spleen (Bockstal et al., 
2011). Moreover, NK cells cytotoxicity of B2 B-cells further contributed to splenic depletion of B-
cells (Frenkel et al., 2016). This prevents the induction of protective memory responses ensuring the 
establishment of infection.  
In cell-mediated immune suppression T-cells are unable to respond to antigenic or mitogenic 
stimuli. Abrogation of CD4
+
 T-cell is mediated by IFN-γ-activated macrophage-like cells in infected 
murine and bovine hosts (Wellhausen and Mansfield, 1979, Schleifer and Mansfield, 1993). 
Trypanosomes induce macrophages to produce suppressor effector molecules like NO and 
prostaglandin, which inhibit T-cell IL-2 secretion and IL-2 receptor expression (Schleifer and 
Mansfield, 1993, Sternberg and Mabbott, 1996). T. brucei alters the pattern of cytokines released by 
CD8+ T-cells, by increasing IFN-γ secretion and reducing IL-2 secretion, rendering T-cells 
unresponsive (Darji et al., 1996). Furthermore, immune evasion strategies of Trypanosoma spp. have 
proven to be so effective, as they have rendered previous attempts of prophylactic vaccine strategies as 
unsuccessful (Cnops et al., 2015). Thus, these strategies employed by T. brucei effectively enable 
evasion of the host immune response.  
 Exosomes 1.3.3.4
In addition to surface proteins and proteases, another factor recently discovered to be involved in 
pathogenesis of various parasites are secreted extracellular vesicles called exosomes. These vesicles 
were originally identified in mammalian systems, but recent analyses have also identified these 
vesicles in a number of protozoan parasites including Plasmodium spp., Trichomonas vaginalis, 
Leishmania spp. and Trypanosoma spp. (Mantel and Marti, 2014, Twu et al., 2013, Cronemberger-
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Andrade et al., 2014, Figuera et al., 2013, Silverman and Reiner, 2011, Bayer-Santos et al., 2013, 
Garcia-Silva et al., 2014). Many of these studies have demonstrated the role exosomes play in 
modulating the host’s immune system and eliciting a pro-inflammatory response.  For example, 
exosomes isolated from T. vaginalis induce changes in interleukin levels that resembled changes that 
are observed during infection with the parasite. Similarly, exosomes from Leishmania donovani 
induce a T helper 1 (TH1) response in CD4+ T cell, which is a similar response to an infection. These 
extracellular vesicles contribute to a range of cellular processes, many of which underpin processes 
during pathogenesis and key mechanisms of virulence, including immunomodulation, 
pathophysiology and cell adhesion (Montaner et al., 2014).  
 Transmission  1.3.4
In order to move from host to host and ensure a reservoir of infection, protozoa use one of four 
modes of transmission; direct, faecal-oral, vector-borne and predator-prey transmission. Protozoa such 
as T. vaginalis and bovine T. foetus are transmitted through direct transmission, via intimate contact 
between hosts (Michi et al., 2016, Ryan et al., 2011). E. histolytica and G. intestinalis are transferred 
via the faecal-oral route, where cysts are ingested and expelled in the feces into the environment 
(Ankarklev et al., 2010, Marie and Petri, 2014). Vector-borne transmission involves an intermediate 
host such as the fly and mosquito in the case of T. brucei and P. falciparum, respectively. These 
blood-sucking arthropods take up the parasites during their blood meal and then transmit them to a 
new mammalian host during their next feed. The final route of transmission is the predator-prey 
transmission, where the tissue of an animal infected with protozoan cysts is consumed by a predator. 
Encystment occurs in the predator and the process of infection begins. An example of this is predation 
of T. gondii infected mice by cats, which leads to the release of oocysts within the cat’s intestinal tract 
and the beginning of sexual reproduction phase of the parasite’s life cycle (Dubey, 2009). All these 
routes of transmission work to enhance the spread and survival of the protozoan infection. 
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 TREATMENT STRATEGIES FOR PROTOZOAN INFECTIONS 1.4
In a perfect world, prevention through the use of vaccines, is the best strategy to inhibit the 
development of any potential infection. Despite research aimed at vaccine development to prevent 
protozoan infections, the complex life-cycle of these parasites coupled with their cunning ability to 
evade the host immune response, pose difficulties for vaccine development in both human and animal 
infections (McAllister, 2014, Cornelissen and Schetters, 1996). Chemotherapeutic agents (drugs) are 
an alternative options treatment (Zucca and Savoia, 2011). However, these drugs fail to reduce 
protozoan disease prevalence due to their inability to prevent reinfection. In contrast to bacteria, both 
protozoan parasites and their hosts are eukaryotic, therefore the number of unique drug targets are 
limited.  
An increase in antiprotozoal drug resistance further exacerbates this problem (Upcroft and Upcroft, 
2001b). Examples of drug resistance can be seen with the current treatment of malaria (Travassos and 
Laufer, 2009, Menard and Dondorp, 2017). In the 20
th
 century, there was a rise in the resistance of 
parasites to the quinine-based group of drugs, which subsequently led to the discovery of chloroquine. 
The effectiveness of chloroquine led to the belief that malaria was going to be eradicated by the early 
1970’s (Wellems and Plowe, 2001). However, due to its heavy use for over 20 years, the two most 
common causes of human malaria, P. falciparum and P. vivax, developed chloroquine resistance in 
Southeast Asia, Africa and the pacific islands (Payne, 1987, Rieckmann et al., 1989). The increased 
burden of chloroquine was alleviated with a new artemisinin-based drug for malaria. However, there is 
now evidence that P. falciparum is beginning to show resistance with this drug group (Sa et al., 2011). 
As a result, there is an urgent need to develop alternative treatment strategies. The development of 
vaccines to treat these diseases would prevent reinfection and represents an ideal form of treatment. 
An increased understanding of molecular biology within protozoa has unleashed a renewed focus of 
molecules critical to virulence as potential vaccination candidates. 
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 TRICHOMONADS 1.5
Trichomonads belong to the phylum Parabasalia (Cepicka et al., 2010, Schwebke and Burgess, 
2004). Several species of trichomonads have been identified, however, only some are classified as 
pathogenic. They are found in microaerophilic environments such as the lumen of the urogenital and 
gastrointestinal tract of many vertebrates (Cavalier-Smith, 1993). From an eukaryotic perspective, 
trichomonads are unique in that they lack mitochondria and instead have unique energy-producing 
organelles called hydrogenosomes, which are responsible for anaerobic energy production (Bradley et 
al., 1997). Trichomonads possess a characteristic pyriform (teardrop) morphology with a variable 
number of anterior flagella. One of the flagella is incorporated within the undulating membrane, which 
is supported by a slender noncontractile costa (Figure 1.3). The nucleus is located on the anterior side 
of the parasite, and is surrounded by a porous nuclear envelope. A rod-like endoskeletal structure, 
known as the axostyle, begins at the nucleus and bisects the cell body longitudinally to provide 
structural support. The axostyle projects posteriorly and taper off into a posterior flagellum 
(Honigberg and King, 1964, Ovcinnikov et al., 1975).  
 
A  B 
 
  
Figure 1.3: Characteristic morphology of trichomonads. (A) Schematic of Tritrichomonas foetus 
depicting the characteristic features of trophozoites. (B) General view of T. foetus using scanning 
electron microscopy highlights the teardrop shape with anterior flagella (AF), an axostyle (Ax), 
undulating membrane (UM) and a recurrent flagella (RF) that runs toward the posterior region of the 
cell (de Andrade Rosa et al., 2013). 
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Trichomonads reproduce by longitudinal binary fission. Unlike many protozoan parasites, they lack 
a true cystic stage and exist as trophozoites in a one-stage lifecycle (Figure 1.4) (Schwebke and 
Burgess, 2004). However, under unfavourable environmental conditions, such as abrupt changes in 
temperature, nutrient stress, or the presence of drugs, this organism undergoes profound 
morphological alterations and forms a pseudocyst form (Castro et al., 2016). In this form, the parasite 
adopts a spherical or ellipsoid shape and internalises its flagella, but no cyst wall surrounds the cell 
(Pereira-Neves et al., 2003). It is currently thought that this form is reversible and that its formation 
represents a defence mechanism against unfavourable environmental conditions (Lipman et al., 1999, 
Pereira-Neves and Benchimol, 2009). Although a pseudocyst has been observed in trichomonads, 
including T. foetus and T. vaginalis, the significance of this form in the parasite’s lifecycle is currently 
unknown (Granger et al., 2000, de Andrade Rosa et al., 2015, Pereira-Neves et al., 2003).  
 
Figure 1.4: Life cycle of the trichomonads Trichomonas vaginalis within its human host and 
Tritrichomonas foetus within its bovine, feline and swine host. Both (A) T. vaginalis and (B) bovine 
T. foetus are transmitted by sexual intercourse in humans and cattle, respectively. Bovine T. foetus is 
also (C) a commensal in the gastrointestinal tract and nasal cavity of pigs. (D) Feline T. foetus is 
transmitted by the faecal-oral route in cats. All trichomonads replicate via binary fission (BF) within 
their host (Stroud unpublished). 
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 Trichomonas vaginalis 1.5.1
Trichomonas vaginalis, is an obligate extracellular parasite that colonizes the mucosal surface of 
the human urogenital tract. T. vaginalis is the cause of the most common non-viral sexually 
transmitted (STI) worldwide (Poole and McClelland, 2013), hence the main study object of research 
on trichomonads. This infection, (i.e. trichomoniasis) infects approximately 276 million people 
annually (Figure 1.5). This number is most likely an underestimation, given that trichomoniasis is not 
a reportable disease in many countries (Singh et al., 1999, Sommer et al., 2005, World Health 
Organization, 2012, Poole and McClelland, 2013). Furthermore, 50% of infected women and 70% of 
infected males are asymptomatic and do not seek treatment facilitating the spread of the parasite in the 
population (World Health Organization, 2001, Harp and Chowdhury, 2011). In symptomatic females, 
trichomoniasis is characterised by vaginal, ectocervical and urethral inflammation. Serious 
complications can occur, which can result in preterm birth, pelvic inflammatory disease, premature 
rupture of membranes, cervical cancer and a predisposition to contracting viral STIs, such as HIV 
(Moodley et al., 2002, Silver et al., 2014). Although infected males are generally asymptomatic, when 
symptomatic they are characterised by mucopurulent discharge, dysuria and mild pruritus or a burning 
sensation immediately after sexual intercourse. Complications associated with trichomoniasis in males 
include nongonococcal urethritis, prostatitis, balanoposthitis, epididymitis, urethral disease, reduced 
sperm motility and prostate cancer (Goldberg and Slater, 1992, Goldberg et al., 1990, Martinez-Garcia 
et al., 1996). 
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Figure 1.5: Global prevalence of common non-viral sexually transmitted infections (STIs). 
T. vaginalis, often considered as a nuisance, is the most common of the STIs with purulent discharge. 
The infections listed (from left to right) are caused by Chlamydia trachomatis, Neisseria gonorrhoeae, 
Treponema pallidum and Trichomonas vaginalis, respectively (World Health Organization, 2012). 
 Pathogenesis of infection 1.5.1.1
Although T. vaginalis is the most extensively studied of the trichomonads and is often used as a 
reference for other trichomonads, even the pathogenesis of human trichomoniasis is still not 
completely understood. Like most protozoan parasites that have adopted parasitic lifestyles, T. 
vaginalis could be confused with having undergone a type of genome reduction. However, it is in fact 
very complex as evidenced by its large ~165 Mb genome, which is much larger than many of the 
common parasitic protozoa (E. histolytica ~20 Mb; P. falciparum ~25 Mb and T. gondii ~63 Mb) and 
the number of genes is vastly larger than its host (T. vaginalis ~60,000 versus Homo sapien ~20,000) 
(Zubacova et al., 2008, Conrad et al., 2013, Lander et al., 2001, Ezkurdia et al., 2014). It is believed 
that the large size of this genome attributable to a massive expansion of gene families, many of which 
include those whose functions are involved in the establishment and maintenance of infection with its 
immediate environment (Carlton et al., 2007).  
1.5.1.1.1 Adhesion  
As an extracellular parasite, adhesion to epithelial cells is critical to survival (Petrin et al., 1998). 
Before it can adhere, T. vaginalis must first breach the mucus layer encountered when introduced into 
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the urogenital tract. Mucous discharge traps microbial pathogens, such as T. vaginalis and provides 
protection for the host (Wiggins et al., 2001). To establish infection, T. vaginalis must cross the 
mucous layer. The exact mechanism is unknown, however, it has been demonstrated that T. vaginalis, 
binds to and digests mucin, a major component of the mucous layer and while crossing the layer of 
mucous it also avoids being excreted alongside or as a component of mucous discharge (Lehker and 
Sweeney, 1999).  
Once past the mucous layer, T. vaginalis binds to epithelial cells to establish infection and avoid 
expulsion from urogenital tract by vaginal secretions or menstrual fluid. Surface molecules play an 
important role in the adhesion of the parasite to host epithelial cells. Lipoglycan (TvLG) on the surface 
of T. vaginalis mediates adhesion by interacting with the host cell receptor, galectin-1 (Okumura et al., 
2008). It has been demonstrated that if the carbohydrate content of TvLG is altered, this results in 
reduced adhesion and cytotoxicity. However, the ability of parasites to adhere is not completely 
inhibited, indicating that TvLG is not solely responsible for adhesion (Bastida-Corcuera et al., 2005, 
Okumura et al., 2008). A class of proteins known as adhesin proteins (AP) have been postulated to be 
involved in adhesion. Interestingly, these proteins moonlight as both metabolic enzymes involved in 
carbohydrate metabolism within the cytosol and hydrogenosome and AP found on the surface of the 
parasite (Alderete et al., 2001). AP120 (pyruvate:ferredoxin oxidoreductase (PFOR)), AP23 
(unknown), AP33 (β succinyl-CoA), AP51 (α succinyl-CoA), AP65 (malic enzyme) and 
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) have been shown to act as AP and bind target 
receptors on host cells (Hirt et al., 2007, Addis et al., 2000, Lama et al., 2009, O'Brien et al., 1996, 
Garcia and Alderete, 2007, Huang et al., 2012). There has been much conjecture amongst researchers 
regarding this dual role. Firstly, adhesion assays have suggested that these proteins exhibit non-
specific binding to target cells, a property which would not suggest a precise role in pathogenesis. 
Secondly these proteins lack several characteristics of ‘true’ adhesion molecules. Moreover, 
immunofluorescent localisation assays have shown that some of these APs are exclusively located 
within the hydrogenosome (Brugerolle et al., 2000). However, in a recent review, the relocalisation of 
metabolic enzymes to the parasite surface was suggested to be through a hydrogenosomal autophagy-
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like pathway (Hirt et al., 2011). Immunogold localisation studies using transmission electron 
microscopy (TEM) suggested AP120 (PFO) utilised this pathway as this AP was shown to redistribute 
from the hydrogenosome to the parasite membrane (Meza-Cervantez et al., 2011). In order for these 
proteins to be considered key to pathogenesis, further research will be required.  
CPs are another group of proteins identified to play a role in adhesion. CPs are multifunctional and 
are involved in adhesion as well as a number of other cellular functions contributing to 
cytopathogenicity. T. vaginalis CPs mediate adhesion to and induce apoptosis of human vaginal 
epithelial cells (HVECs) (Sommer et al., 2005, Solano-Gonzalez et al., 2006, Mendoza-Lopez et al., 
2000, Alvarez-Sanchez et al., 2000, Arroyo and Alderete, 1989). Treatment of surface-expressed CP30 
and CP65 with anti-CP antibodies inhibited and reduced the adhesion of T. vaginalis to HeLa cell 
monolayers by 50% (Mendoza-Lopez et al., 2000, Alvarez-Sanchez et al., 2000). Recently, a 
legumain-like CP, TvLEGU-1 has been demonstrated to be involved in cytoadhesion. Using Aza-
Peptidyl Michael Acceptor (Mu-Ala-Ala-AAsnCH=CH–CON), a specific legumain inhibitor, up to 
80% of adhesion was found to be inhibited (Rendon-Gandarilla et al., 2013, Ovat et al., 2009). 
Although the exact role CPs play in adhesion is still under investigation, the current results further 
confirm that this group of molecules expressed on the surface of T. vaginalis are involved in the 
crucial step of adhesion.  
1.5.1.1.2 Nutrient acquisition 
Central to a parasitic lifestyle is the need to acquire nutrients from the host. As with most parasites, 
T. vaginalis is often unable to synthesise key nutrients de novo, particularly purines, pyrimidines, and 
many lipids. Following invasion and adhesion to the vaginal epithelial cells, T. vaginalis parasites 
need to survive the constantly changing environment of the urogenital tract. Natural hormonal shifts 
cause shedding of vaginal epithelial cells and vaginal excretions alter the salinity, pH and toxicity of 
the host microenvironment. These variations also affect the presence of commensal and pathogenic 
microorganisms with the host. T. vaginalis uses this hostile environment to its advantage by obtaining 
nutrients via phagocytosis of leukocytes, erythrocytes and vaginal epithelial cells. T. vaginalis also 
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internalises microflora including bacteria, yeast and even viruses to provide nutrition and eliminate the 
potential threat of competing organisms (Pereira-Neves and Benchimol, 2007). The ability of the 
parasite to salvage vital nutrients from its host enables energy normally invested in metabolism to be 
concentrated towards reproduction, host immune evasion and internal homeostasis, which is ultimately 
crucial to parasite survival within this dynamic environment (Ginger, 2006, Landfear, 2011).  
1.5.1.1.3 Immune evasion 
T. vaginalis employs a number of strategies to successfully evade the host immune system. First, it 
takes advantage of a niche environment where limited complement is available, thus evading one 
aspect of the immune response (Petrin et al., 1998). However, menstrual blood contains complement, 
which is lethal to T. vaginalis; the parasite resists menstrual related complement via the secretion of 
proteases (i.e. CPs) regulated by iron, which is in high abundance during menses (Alderete et al., 
1995, Demes et al., 1988a, Demes et al., 1988b). CPs cleave the C3b portion of complement, 
inhibiting complement-mediated destruction. They also function to degrade the heavy chain of host 
immunoglobulins (IgG, IgA and IgM) involved in antibody-mediated immunity (Provenzano and 
Alderete, 1995).  
In vitro leukocyte culture model has demonstrated T. vaginalis is able to phagocytose human 
leukocytes, which suggests direct leukocyte killing could contribute to host immune evasion (Rendon-
Maldonado et al., 1998, Mercer et al., 2016). Furthermore, the signalling response of T. vaginalis 
following adhesion to host cells inhibits NF-κB translocation in macrophages, which supresses the 
induction of lipopolysaccharide-induced pro-inflammatory cytokines TNF-α and IL-12. Inhibition of 
NF-κB from macrophages may also block the role macrophages play in the adaptive immune response 
as antigen presenting cells in the vagina and could contribute to a chronic long lasting infection (Wira 
et al., 2000, Chang et al., 2004). Not only this but soluble factors released by T. vaginalis control the 
lipopolysaccharide-induced maturation of DCs, resulting in a reduced production of the pro-
inflammatory cytokine IL-12 and tolerance of T. vaginalis to the host immune response (Song et al., 
2015). T. vaginalis has been shown to induce apoptosis of neutrophils via caspase-3 pathways and 
down-regulate the expression of an anti-apoptotic protein myeloid cell leukaemia sequence 1 (Mcl-1) 
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(Kang et al., 2006). Apoptosis of macrophages is slightly more complex involving 
cytochrome c/caspase-3/p38 mitogen-activated protein kinase (MAPK) pathways (Chang et al., 2006). 
In this pathway, the role of p38 as the final executor of apoptosis is unique and therefore may be 
targeted in future drug development studies.  
Evasion of the host immune response is further ensured by phenotypic variation of surface 
antigens. The controversial set of AP mentioned above (AP65, AP33, AP51 and AP23) are not 
immunogenic and are expressed to escape immune recognition and then shift back to a highly 
immunogenic surface protein, P270 (Alderete, 1988). It is believed that this phenotypic variation 
‘distracts’ the immune response from targeting other important molecules of the parasite. Once 
infection has been established, T. vaginalis shifts back to expressing APs. This antigenic heterogeneity 
enables the parasite to evade the host’s defences and establish infection.  
T. vaginalis also escapes the host’s immune response through molecular mimicry. APs on the 
surface of the parasite mimic the structure of malic (malate dehydrogenase), found within the host’s 
cell (Engbring et al., 1996, O'Brien et al., 1996). This mimicry prevents the APs being targeted by 
antibody-mediated defences as they no longer recognise this parasite as foreign and therefore detection 
and elimination of the parasite by the immune system is avoided. Similarly procurement of protectin 
(CD59), a glycosyl-phosphatidylinositol (GPI)-linked membrane protein expressed on diverse cells, 
including red blood cells, endothelial and epithelial cells from the urogenital tract from the host, also 
enables T. vaginalis to evade the immune response by complement evasion (Ibanez-Escribano et al., 
2015). 
 Treatment 1.5.1.2
Currently, there is no vaccine available to prevent human trichomoniasis (Smith and Garber, 2014). 
The only US Food and Drug Administration (FDA) approved drug treatment options are 
metronidazole and tinidazole from the drug group, 5-nitroimidazole. Nitroimidazole is a pre-drug that 
enters the cell and organelle via passive diffusion. During anaerobic metabolism, nitroimidazole is 
reduced and the drug is activated to its toxic nitro-radical form. These nitro radicals attack unknown 
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but essential targets within T. vaginalis cells (Upcroft and Upcroft, 2001b, Kulda, 1999, Upcroft and 
Upcroft, 2001a). Although these drugs produce high cure rates, in certain circumstances these drugs 
are unsuccessful or unsuitable. Nitroimidazole is contraindicated in the first trimester of pregnancy as 
the drug can potentially cross the placental barrier (Wright et al., 2010, Petrin et al., 1998). Studies 
have also demonstrated metronidazole to be mutagenic in bacteria and carcinogenic in animals. 
However, the results specifying whether metronidazole has the same effect on humans is inconclusive. 
Thus, caution is warranted upon prescribing the drug (Bendesky et al., 2002). Furthermore, in order to 
prevent reinfection, it is essential that all sexual partners are treated concomitantly (Kissinger et al., 
2006). This can effect compliance, especially when the other partner is asymptomatic and is reluctant 
to participate in a treatment that is often associated with numerous side effects (i.e. nausea, vomiting 
and gastrointestinal upsets) (Soper, 2004).  
Given that 5-nitroimidazole drugs are the only current treatment option, there are also concerns 
associated with the increasing number of resistant strains, further compounded by cross-resistant 
strains to both available drugs (Narcisi and Secor, 1996, Skolnik, 2007). Studies have shown that 
between 5% and 17% of T. vaginalis strains are resistant to metronidazole (Kirkcaldy et al., 2012, 
Upcroft et al., 2009). Although both anaerobic and aerobic resistance has been identified in T. 
vaginalis, only aerobic resistance has been observed in clinical isolates. Originally both anaerobic and 
aerobic resistance were thought to be due to a loss of drug activating pathways that are responsible for 
reducing the prodrug metronidazole to toxic intermediates (Kulda, 1999). However, more recently it 
was demonstrated that the oxygen scavenging protein, flavin reductase and alcohol dehydrogenase 
was down-regulated or even absent in metronidazole resistant strains of T. vaginalis (Leitsch et al., 
2012, Leitsch et al., 2014, Linstead and Bradley, 1988). Now aerobic resistance is thought to result 
from a defect in the oxygen scavenging capabilities, which leads to elevated oxygen levels, re-
oxidation of the metronidazole radical ion, and detoxification of the drug (Yarlett et al., 1986). 
Identifying new molecules/targets that are key to parasite virulence will be critical to the development 
of novel drug treatments for trichomoniasis in order to overcome drug resistance. 
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 Tritrichomonas foetus 1.5.2
Tritrichomonas foetus is another trichomonad that is an important pathogen within veterinary 
medicine. Similar to T. vaginalis, T. foetus causes a venereal infection in its bovine host termed bovine 
trichomoniasis (Figure 1.4). Yet the disease burden of this bovine infection is more severe and 
problematic than its human equivalent. Its simple lifecycle, ease of in vitro culture and wide host range 
also makes this parasite an ideal animal model for understanding general parasitism and pathogenesis 
of the closely related pathogen, T. vaginalis (Corbeil, 1995). A previous animal model used a mouse to 
study human trichomoniasis. Here a mouse’s urogenital tract was experimentally infected with T. 
vaginalis  (Abraham et al., 1996). However, in order to establish a sustained T. vaginalis infection, the 
mouse’s urogenital tract had to be treated in conjunction with oestrogen (McGrory and Garber, 1992, 
Abraham et al., 1996, Smith and Garber, 2015). Oestrogens decrease the vaginal antibody-mediated 
response and increase the uterine antibody-mediated response. Thus, the observed host response may 
not accurately represent that of a natural trichomoniasis infection (Yadav et al., 2005). In contrast to 
this mouse model, bovine trichomoniasis is a natural venereal infection and does not require any 
synthetic alteration (i.e. oestrogen) to establish infection. To date, the pathogenesis of T. foetus and T. 
vaginalis in their respective hosts has been similar in terms of adhering to their host, evading the 
immune response, and acquiring nutrients (Alderete and Garza, 1988, Corbeil et al., 1989). Therefore, 
a more in-depth understanding of T. foetus pathogenesis could also aid in understanding the process of 
parasitism and result in the development of new drug targets and vaccines for human and bovine 
trichomoniasis. 
Bovine trichomoniasis T. foetus is more severe and problematic than human trichomoniasis. Like 
human trichomoniasis, bovine trichomoniasis is predominately asymptomatic in bulls (male). 
However, infection of cows (female) can result in endometritis, abortion and temporary or even 
permanent infertility (BonDurant, 1997). This severely impacts productivity in the cattle industry, 
resulting in substantial economic loss; the calf crop can be reduced by up to 50% in beef enterprises 
(Rae, 1989). Whilst the exact economic impact is unknown, it is estimated that a trichomoniasis 
outbreak will cost between USD $800 to USD $6,030 per infected bull per year (Williamson, 2017, 
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Fitzgerald, 1986). More recently a ranch in Texas with 161 head of cattle saw a substantial loss of 
USD $100,000 over a three-year period following an outbreak of trichomoniasis (Szonyi et al., 2012).  
 Treatment 1.5.2.1
Currently, there is no effective standardised or legal treatment for trichomonas in cattle. Therefore, 
treatment options are limited to culling of bulls (once infected the bulls remain life-long carriers of T. 
foetus ) and isolation of infected cows until the infection clears (approximately 2-6 months, during 
which time productivity is lost) (BonDurant, 1997, Michi et al., 2016). Artificial insemination is the 
major preventative measure (Yao, 2013, Ondrak, 2016). However, this can often be impractical 
particularly for large scale cattle farms such as those in the Australian outback, South America, North 
America or Europe, where natural insemination is practiced or in extensive regions were communal 
grazing is a common practice (Bondurant, 2005, Mendoza-Ibarra et al., 2012). Trichomoniasis is 
included on the the World Organisation for Animal Health (OIE) notifiable diseases, infections and 
infestations list, demonstrating its significance as a disease of cattle (World Organisation for Animal 
Health (OIE), 2017). Moreover, a high prevalence of trichomoniasis has been identified in beef cattle 
in areas of northern Spain where cattle are kept in extensive conditions. In Principado de Asturias and 
Leon province, 32 % (33/103) and 2.9 % (2/70) of bulls were positive, respectively (Mendoza-Ibarra 
et al., 2012). The reemergence of trichomoniasis in certain farming environments highlights the 
limitations of trichomoniasis control methods and emphasises the need for alternate treatment 
protocols.   
With the lack of effective drug treatment options, over the last three decades the effectiveness of 
vaccines against T. foetus has been investigated (Baltzell et al., 2013). In cattle, infected heifers 
mounted minimal systemic antibody responses but strong vaginal, cervical, and uterine IgA and IgG1 
responses 7 to 12 weeks after an intravaginal inoculation of T. foetus (Bondurant et al., 1996, Corbeil 
et al., 1998). Although these studies demonstrate that whole-cell and subunit vaccines provide 
protection in females, Herr et al. (1991) demonstrated whole-cell vaccines were not effective at 
providing protection (Hudson et al., 1993, Corbeil, 1994, Herr et al., 1991). Only 1 of 12 vaccinated 
heifers were pregnant 4.5 months after the breeding season compared to 2 of 12 control heifers (Herr 
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et al., 1991). Recent analysis of the commercially available whole-cell vaccine in the USA, 
TrichGuard®, demonstrated an increase in pregnancy and calving rates in immunized herds. Although 
the data was positive, the results were not significant difference between the control and treated groups 
(Edmondson et al., 2017). Other immunisation studies have used immunoaffinity-purified surface 
antigens (i.e. TF1.17 and TF190) to vaccinate cattle (Cobo et al., 2002, Anderson et al., 1996, 
BonDurant et al., 1993) (Palomares et al., 2017). Delivery via systemic or vaginal administration of 
TF1.17 to nonpregnant females protected cattle from bovine T. foetus. The immune response induced 
both IgG1 and IgA antibodies in genital secretion and IgG1 antibodies in serum (Anderson et al., 
1996, Corbeil et al., 2001, BonDurant et al., 1993). Although, the results from these vaccination 
studies look promising, these studies were small and nonrandomised and thus could be associated with 
inference. Further research is required to ensure vaccination of heifers and bulls is successful at 
mitigating bovine trichomoniasis and reducing abortion risk (Baltzell et al., 2013, Fuchs et al., 2017, 
Edmondson et al., 2017). 
 Tritrichomonas foetus from feline and porcine hosts  1.5.2.2
 Tritrichomonas foetus’s host range also extends to the gastrointestinal tract of pigs and cats. 
Formally known as Tritrichomonas suis (Davine, 1877), T. foetus is a harmless commensal within the 
nasal cavity and gastrointestinal tract of pigs (Switzer and Mc, 1951). Previous morphological studies 
established that both porcine and bovine T. foetus are synonymous (Buttrey, 1956, Lun et al., 2005, 
Hibler et al., 1960, Kirby, 1951, Wenrich and Emmerson, 1933). More importantly, cross-infection 
studies illustrated low host-specificity when T. suis and T. foetus were experimentally infected into 
their respective ‘unnatural host’ (Hammond and Leidl, 1957, Fitzgerald et al., 1958b, Fitzgerald et al., 
1958a). Cattle experimentally infected with T. suis isolated from the nasal cavity and stomach of pigs 
through direct inoculation into the vagina showed similar clinical signs, including vaginal catarrh and 
infertility (Kerr, 1958, Fitzgerald et al., 1958b). Similarly, pigs have been successfully inoculated 
with T. foetus without difficulty (Fitzgerald et al., 1958a). However, it must be noted Cobo et 
al. (Cobo et al., 2001) were unable to infect all nine heifers with a reference strain (ATCC 30169) 
of T. suis, though this may be an exceptional case. 
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The similarity of T. suis and T. foetus were further established using antigenic studies, 
pathogenicity assays and DNA analysis (De Carili and Guerrero, 1977, Tachezy et al., 2002, Slapeta et 
al., 2012). Interestingly, a recent study revealed that pigs infected with T. foetus farmed in close 
proximity with cattle did not result in any evidence of cross-infection of the porcine isolate into cattle 
(Mueller et al., 2015). The authors of the same study annotated the transcriptome of the porcine T. 
foetus isolate and were able to confirm its similarity to T. foetus bovine (Morin-Adeline et al., 2015b). 
Interestingly, a gene from the virulent multigene CP family, TfCP1, was not identified in the porcine 
isolate, which suggests this isolate exhibits a level of diversity that has not been identified in parasitic 
isolates of the bovine or feline genotypes. A similar result has been observed in E. histolytica where 
the key virulent CP, CP5, was absent in the non-pathogenic, strain Entamoeba dispar (Jacobs et al., 
1998). Given CPs are involved in pathogenesis of T. foetus (Tolbert et al., 2014, Singh et al., 2004), 
the absence of CP1 could be one of the reasons cross-infection was not observed in cattle farmed 
nearby. However, further analysis is required to confirm this.   
In the last decade T. foetus has been confirmed as an intestinal pathogen of cats (Levy et al., 2003). 
Clinically distinct from the bovine venereal infection, feline T. foetus infects the ileum, caecum and 
colon, manifesting as chronic large bowel diarrhoea (Gookin et al., 2001, Levy et al., 2003). Typically 
the diarrhoea is characterised by a waxing and waning period, which has been proposed as a 
mechanism that permits transmission of infection (Gookin et al., 1999a, Xenoulis et al., 2013). In most 
cases infected cats maintain good health, a normal appetite and body condition, which is thought to be 
due to the confinement of the infection to the large bowel (Gookin et al., 2017). Although some cases 
have been reported to be associated with the opposite symptoms, including anorexia, vomiting and 
weight loss (Xenoulis et al., 2013, Mardell and Sparkes, 2006, Stockdale et al., 2007).  
 Epidemiology 1.5.2.3
Feline trichomoniasis prevalence is worldwide and has been reported in areas such as Australasia 
(Australia, Japan, Korea and New Zealand) (Bell et al., 2010, Doi et al., 2012, Lim et al., 2010, 
Kingsbury et al., 2010), Europe (Austria, Finland, France Germany, Greece, Italy, Netherland, 
Norway, Poland, Spain, Sweden, Switzerland and United Kingdom) (Steiner et al., 2007, Castrén et 
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al., 2011 , Profizi et al., 2013, Xenoulis et al., 2010, Holliday et al., 2009, van Doorn et al., 2009, 
Tysnes et al., 2011, Hensinger, 2009 , Arranz-Solis et al., 2016, Forshell and Osterman-Lind, 2010, 
Frey et al., 2009, Gunn-Moore et al., 2007) and North America (Canada and United States of 
America) (Hosein et al., 2013, Foster et al., 2004). An epidemiological study of feline T. foetus 
performed at an international cat show identified 31% of cats (36 of 117) (pedigree and mix breed) to 
be infected with T. foetus (Gookin et al., 2004, Stockdale et al., 2009), predominantly where cats are 
housed in dense populations such as catteries (Gookin et al., 2004). Unlike bovine trichomoniasis, 
transmission of feline T. foetus occurs via the faecal-oral route. This is problematic as T. foetus can 
survive for extended time periods within food and water sources enabling it to infect another host 
(Hale et al., 2009).  
Most proposed treatments for trichomoniasis have been deemed ineffective due to incomplete 
eradication of the parasite, as well as relapse following treatment cessation (Moreno et al., 1984). 
Ronidazole, the most effective drug, originates from the same drug group (5-nitroimidazole) used to 
treat T. vaginalis infections in humans (Lim et al., 2012, Gookin et al., 2006). As with the use of 5-
nitroimidazoles to treat human trichomoniasis, ronidazole also targets the hydrogenosomes unique to 
trichomonads. However, this drug is not approved by the FDA and is banned in use of food animals 
due to its carcinogenicity (Papich et al., 2013, Davidson, 2006). Neurotoxic side effects have also been 
associated with ronidazole treatment of cats include malaise, altered mentation, and hyperesthesia 
(Rosado et al., 2007). Moreover, an increasing number of ronidazole resistant isolates have been 
documented in feline hosts (Gookin et al., 2010). Similar to bovine trichomoniasis, the identification 
of novel antiprotozoal drugs that are effective at eradicating feline T. foetus has proven to be difficult 
(Kather et al., 2007, Gookin et al., 1999b, Gookin et al., 2007). Understanding the pathogenesis and 
biology of feline T. foetus may provide the knowledge required to design novel drug treatment 
strategies. 
 Cellular comparisons of bovine and feline T. foetus isolates 1.5.2.4
It is not surprising that, similar to the porcine isolate, bovine and feline T. foetus isolates were 
originally thought to be the same strain, which could cross-infect both bovine and feline hosts 
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(Stockdale et al., 2007). Stockdale et al. (Stockdale et al., 2007) were the first to disprove this by 
revealing that specific biological and pathogenic differences exist between these isolates. Cows 
experimentally infected with a feline isolate of T. foetus showed evidence of a marked decrease in 
vaginal epithelial cell cytotoxicity compared to cows infected with a bovine isolate of T. foetus. From 
these results, it was hypothesised that this histological difference resulted from a reduced 
pathogenicity of feline T. foetus isolates in a cow host (Stockdale et al., 2007). This hypothesis was 
confirmed in a subsequent study conducted by the same authors where cats were experimentally 
infected with a bovine isolate of T. foetus (Stockdale et al., 2008). Cats infected with feline T. foetus 
(positive control) were positive for enteric trichomoniasis two weeks post infection, while only one 
out of six cats infected with the bovine T. foetus isolate produced a positive faecal result for enteric 
trichomoniasis four weeks post infection. Although bovine and feline isolates are morphologically 
similar, the authors suggested the biological and pathological distinctness of the isolates indicated two 
separate species (Stockdale et al., 2008).  
 Genetic comparisons of bovine and feline T. foetus isolates 1.5.2.5
The suggestion to reclassify the T. foetus isolates as separate species was later discounted when 
Slapeta et al. (2010) analysed the internal transcribed spacer regions (ITS1 and ITS2), known 
diagnostic molecular markers used to distinguish trichomonads, to show that differences between host-
specific isolates were due to intraspecific variation expected within species (Gookin et al., 2002, Levy 
et al., 2003). This analysis, which was also confirmed by Reinmann et al. (2012), demonstrated that 
the ITS2 region contained a single nucleotide polymorphism (SNP) between the bovine and feline 
isolates (Slapeta et al., 2010, Reinmann et al., 2012). Although these regions are not involved with 
virulence and are used purely as a phylogenetic tool, they provided insight into the variance of genes 
between the two isolates. Henceforth, the authors referred to clinical isolates of T. foetus from cattle 
and pigs as a ‘bovine genotype’ while clinical isolates from domestic cats were referred to as a ‘feline 
genotype’ (Slapeta et al., 2012). Genotyping of ten globally sourced bovine T. foetus isolates alongside 
four naturally infected feline T. foetus isolates was also performed on the elongation factor-1 alpha 
(EF-1α) locus. The authors showed that five reoccurring SNP differences were identified between the 
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bovine and feline isolates, clearly distinguishing the feline and bovine T. foetus genotypes. These 
results suggested that genetic characteristics are linked to host origin and are independent of 
geographical or chronological factors (Reinmann et al., 2012).  
Slapeta et al. (2012) further confirmed the existence of intra-species variance by assessing the 
coding regions of nine CP genes. CPs are believed to play a key role in host-parasite interactions 
(Mallinson et al., 1995). The authors discovered five single nucleotide SNPs within the coding regions 
of the CP8 gene (Slapeta et al., 2010, Sun et al., 2012), which resulted in two amino acid changes in 
the coding sequence between the bovine and feline genotypes. CP2 was the most divergent CP and 
consequently the most suitable for future genotyping of bovine and feline T. foetus, with 22 nucleotide 
changes between the genotypes. Interestingly, none of the resultant 13 amino acid changes between 
the bovine and feline genotypes fell within any of the known catalytic domains (cysteine, histidine and 
asparagine) typical of CPs, thus it is unknown whether these changes would affect the 
functionality/specificity of these proteases (Lucas et al., 2008). In total, the authors identified a mere 
1.19% difference within the coding regions of CPs 1, 2, 4-9 between the bovine and feline genotypes 
(Table 1.2) (Slapeta et al., 2012). The differences identified between T. foetus bovine and feline 
genotypes do not exceed what one would observe in normal intraspecies variation. Therefore, 
genotypic differences may be involved in the adaptation of T. foetus to a preferred host and as a result, 
may represent potential targets to inhibit infection.  
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Table 1.2: Nucleotide differences between Tritrichomonas foetus bovine and feline genotypes 
Gene 
Sequence  
(nt) 
Nucleotide 
difference 
Amino acid 
difference Reference 
CP1 503 3 (0.60%) 0 
(Slapeta et al., 2012) 
CP2 669 22 (3.29%) 13 
CP4 273 2 (0.73%) 1 
CP5 361 3 (0.83%) 1 + Stop 
CP6 318 6 (1.89%) 1 
CP7 373 1 (0.27%) 0 
CP8 907 5 (0.55%) 2 
CP9 289 2 (0.69%) 0 
MDH1 562 2 (0.36%) 0 
ITS1+2 297 1 (0.34%) NA 
ITS2 ~350 1 (0.3%) NA 
(Reinmann et al., 2012) 
EF-1α ~800 5 (0.6%) 2 
Abbreviations: CP, cysteine protease; MDH, malate dehydrogenase; ITS, internal transcribed spacer; 
EF-1α, elongation factor-1 alpha.  
 Transcriptomic comparisons of bovine and feline isolates 1.5.2.6
While a parasite with a wide host range is not unusual, the fact that T. foetus exhibits such extreme 
host-organ tropism suggests the parasite has adapted to survive within its host niche. Although 
previous studies have established that bovine and feline isolates of T. foetus are genotypes (Slapeta et 
al., 2012), there has been little insight into the mechanisms that underpin the host range, organ tropism 
and tropism of T. foetus genotypes. This understanding could be vital in the search for novel drug 
targets. In an attempt to gain a greater understanding of T. foetus host-specific biological and virulence 
mechanisms, Morin-Adeline et al. (2014) performed a cell-wide comparative transcriptomic analysis 
on a bovine and feline T. foetus genotype. Both bovine and feline T. foetus transcriptomes were very 
similar based on a high number of shared orthologues (~63% shared orthologues) and the large 
proportion of functional mechansims shared between the isolates, despite colonising host niches with 
unique selective pressures (i.e urogenital tract in cattle and gastrointestinal tract in cats) (Morin-
Adeline et al., 2014). The distribution of functional categories were almost identical, thus no 
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categories were identified as being biologically significant. Mining the transcriptome for putative 
protease types invovled in virulence, revealed CPs to be the most common protease type in bovine and 
feline T. foetus (Morin-Adeline et al., 2014). This is consistent with previous analyses of proteases 
within trichomonads (McLaughlin and Muller, 1979, Sajid and McKerrow, 2002). Despite the 
similarity of the transciptomes, a distinction was established with CP8 being the most transcribed CP 
in the bovine genotype, while CP7 was the most transcribed CP in the feline genotype (Morin-Adeline 
et al., 2014). A previous proteomic study of T. vaginalis proteases has shown that an increase in CP 
abundance is related to higher virulence (De Jesus et al., 2009). Although more reasearch is required, 
the difference in abundance of CP transcripts in the two genotypes is the first piece of evidence hinting 
at mechanisms of host tropism within the genotypes. Overall, the results of this transcriptome study 
reinforced that T. foetus merely represents two host-adapted genotypes of the same species. However, 
the molecules/mechanisms forming the basis of host-adaptation are yet to be resolved.  
 Tritrichomonas foetus host-parasite interactions and virulence  1.5.3
As with a T. foetus infection, the relationship between host and parasite determines the outcome of 
infection. Similar to a number of protozoan parasites, T. foetus parasites possess mechanisms to evade 
the host’s immune response. Common modes of immune evasion include an abundance of surface and 
secreted molecules which ultimately enable attachment and subsequent infection of host epithelial 
cells. Many of these molecules are involved in triggering specific signalling pathways, both in the 
parasite and the host cell that are critical for parasite entry, survival and establishment of infection. 
Although the pathogenesis of bovine and feline trichomoniasis has been described (reviewed in Yule 
et al., 1989, Yao and Koster, 2015b, Tolbert and Gookin, 2016), much of the information has relied on 
the research of T. vaginalis to compensate for the limited information available. Building on the 
pathogenesis of infection of T. vaginalis discussed above, here I focus on particular molecules known 
to be involved in T. foetus host-parasite interactions.  
 CPs 1.5.4
Trichomonads are known to contain high levels of protease activity, particularly CPs. Also known 
as thiol proteases, CPs are characterised by a conserved catalytic triad (cysteine, histidine and 
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asparagine) within the active site that catalyses peptide cleavage (Rawlings and Barrett, 1994). During 
the last two decades there has been considerable interest in parasite CPs and their role in the infection 
process (Sajid and McKerrow, 2002, Atkinson et al., 2009). McLaughlin and Muller (1979) first 
reported CPs from T. foetus in 1979. Within cells CPs function as lysosomal enzymes digesting 
endogenous and exogenous polypeptides (Turk et al., 2012). However, the CPs of most interest are 
those that are either released or attached to the parasite’s surface. Given their location at the host-
parasite interface, these proteases are suggested to play a key role in pathogenicity of a number of 
protozoan parasites (i.e. adhesion, nutrient acquisition and immune evasion) (Klemba and Goldberg, 
2002, McKerrow et al., 1993). 
 Approximately 21 specific CPs have been identified in the bovine genotype and 8 CPs have been 
identified within the feline genotype (Huang et al., 2013, Slapeta et al., 2012, Sun et al., 2012, 
Mallinson et al., 1995, Lockwood et al., 1984, Lucas et al., 2008). However, according to the recent 
comparative transcriptome study, 285 and 249 putative CPs transcripts of bovine and feline genotypes 
were identified, respectively are yet to be characterised, which suggests there is still a large number of 
CPs to be investigated (Morin-Adeline et al., 2014). Soluble CPs are released into the host milieu, 
while membrane bound CPs localised on the surface of T. foetus are thought to play numerous roles in 
the host-parasite interactions. Previous analysis of T. foetus CPs isolated from the secretory fraction 
have utilised the CP inhibitor, trans-Epoxysuccinyl-L-leucylamido(4-guanidino)butane, L-trans-3-
Carboxyoxiran-2-carbonyl-L-leucylagmatine, N-(trans-Epoxysuccinyl)-L-leucine 4-
guanidinobutylamide (E-64), to highlight a number of roles for CPs in adhesion, cytotoxicity and 
immune evasion (Singh et al., 2005, Singh et al., 2004, Tolbert et al., 2014, Bastida-Corcuera et al., 
2000). During inhibitor studies using E-64, Singh et al. (Singh et al., 2004) was the first to confirm 
that CP8 induced a host-specific cytopathic effect on bovine vaginal epithelial cells (BVECs) in vitro 
(Singh et al., 2004, Lucas et al., 2008). This and subsequent analyses confirmed CP8 as a critical 
virulence factor in bovine T. foetus. The specific functions of the other identified CPs are yet to be 
characterised (Mallinson et al., 1995). Characterising these CPs and defining their role in virulence 
will make them favourable drug targets for new treatments of bovine and feline trichomoniasis.  
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 Antigenic proteins  1.5.5
The lack of available treatments for bovine trichomoniasis and the emergence/discovery of feline 
trichomoniasis in the last decade highlights a need for the identification of effective drug/vaccine 
targets. An ideal treatment for both of these infections would be a preventative measure in the form of 
a vaccine, which would protect the host from infection. However, before this can be achieved a 
detailed understanding of the virulence factors involved in the pathogenesis of both T. foetus 
genotypes is required. To our knowledge there are no immunogenic studies identifying the immune 
response of host cells to a T. foetus feline infection, as well as the parasite’s subsequent immune 
evasion. Various proteins both membrane bound (cell surface) and secreted by the bovine genotypes 
have the potential to induce immunogenic responses (BonDurant et al., 1993).  
Antibody-mediated responses are an important defensive mechanism utilised by the host to 
eliminate extracellular parasites such as T. foetus. However, research on bovine T. foetus has 
characterised a number of strategies used by the parasite to evade these host immune responses. 
Bovine immunoglobulin G (IgG) non-specifically binds to the surface of the T. foetus, which has been 
proposed to mask the parasite’s surface antigens, preventing host immune recognition. This strategy 
could cause a delayed inflammatory response, which could be attributed to the asymptomatic nature of 
the infection (Corbeil et al., 1991). Membrane bound and secreted CPs from bovine T. foetus also 
cleave IgG1 and IgG2, preventing the antibody-mediated immune response, yet the cow is still able to 
clear the infection. This could be due to the resistance of bovine IgA and IgM to T. foetus CP cleavage 
(Bastida-Corcuera et al., 2000). In contrast to bovine T. foetus, the human immune response does not 
confer protection against T. vaginalis (Petrin et al., 1998). In addition to human IgG, IgA and IgM are 
sensitive to cleavage by T. vaginalis CPs. Therefore, evasion of the host immune response could be 
due to this susceptibility (Provenzano and Alderete, 1995). T. foetus CPs also digest the proteins 
fibronectin, fibrinogen, lactoferrin and complement C3b involved in innate and acquired immune 
responses (Bastida-Corcuera et al., 2000, Corbeil, 1994), further preventing the immune response.  
Another method of immune evasion includes the shedding of T. foetus surface antigens, thus 
evading host immune recognition and consequent clearing via an antibody-mediated response. It is 
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also thought that T. foetus undergoes antigenic variation. For example, the adhesion complex found on 
the surface of T. foetus, TF190, expresses various epitopes, which inhibits antibody-mediated 
clearance (Shaia et al., 1998). Moreover, the extensively studied surface antigen, TF1.17, which has a 
role in stimulating an immune response, expresses various epitopes to avoid antibody-mediated 
responses specific to this protein (Corbeil, 1994). Vaccination studies using the surface antigen Tf1.17 
have been shown to be effective at inducing specific IgG1 and IgA antibody responses in vaginal and 
uterine secretions. This surface antigen potentially protected cattle when challenged with T. foetus 
approximately seven weeks post vaccination (Palomares et al., 2017, BonDurant et al., 1993).  
Interestingly, the local antibody response of cows is far more robust compared to the bull (Cobo et 
al., 2011). The cow is able to produce an immune response that not only clears the infection with time, 
but also prevents reinfection for a short period of time following exposure (Liang and Deutscher, 
2012). This is due to the presence of IgA within the urogenital tract of cows following infection. IgA 
has a role in preventing adhesion of invading microorganisms to the mucosal cell wall (Mantis and 
Forbes, 2010, Corthesy, 2007). However, this local immune response produced by cows is not long 
lasting with reinfection occurring within six to twelve months post-infection. The reasons for this short 
term protective response is unknown (Herr et al., 1991). However, if the mechanism could be 
discovered and the immune response lengthened accordingly, there could be a renewed hope for 
treatment/eradication of this infection. In contrast to cow infections, once a bull becomes infected it is 
unable to clear the infection. Therefore, the only option is culling the bull to prevent the spread of 
infection (BonDurant, 1997, Michi et al., 2016). A greater understanding of this interaction and the 
counter measures employed by the host’s immune system could aid in the development of novel 
vaccinations for bovine trichomoniasis and even human trichomoniasis.  
 Surface proteins 1.5.6
As an obligate extracellular parasite, it is essential for T. foetus to adhere to the host epithelial cells 
and establish infection (Singh et al., 1999). Bovine T. foetus surface molecules, such as APs, 
glycoconjugates and sialic acid-binding lectins have been proposed to play a key role in the interaction 
between parasite and host (Corbeil et al., 1989, Singh et al., 1999, Woudwyk et al., 2013). Not only do 
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they aid in attachment, they also modulate the immune defences of the host, induce cytotoxicity of 
host epithelial cells, which results in successful colonisation of bovine T. foetus on the host mucosal 
surface (Corbeil et al., 1989, Burgess and McDonald, 1992). AP Tf190, is the only AP identified in T. 
foetus. Tf190 has been shown to play a vital role in attachment and induction of cell death (Figure 1.6) 
(Burgess and McDonald, 1992, Singh et al., 1999). In addition, lectin-mediated receptors are also 
involved in attachment of bovine T. foetus to host cells (Babal and Russell, 1999, Tolbert et al., 2012). 
Host epithelial cells are rich in cell-surface glycoconjugates that commonly express sialic acid as the 
terminals monosaccharide (Lewis and Lewis, 2012). In vitro, bovine T. foetus bound to Chinese 
hamster ovary (CHO) epithelial cells and bovine cervical mucus using sialic acid binding lectins. 
Adhesion of bovine T. foetus was inhibited by desialyation of CHO epithelial cells and mucus, 
suggesting a role for sialic acid in bovine T. foetus adhesion (Babal and Russell, 1999). In addition to 
membrane proteins, carbohydrate complexes, such as liphophosphoglycan (LPG) densely cover the 
surface of T. foetus. Periodate oxidation of bovine T. foetus removed surface carbohydrates and 
inhibited parasites binding to host cells (Burgess and McDonald, 1992, Singh et al., 2004). This 
suggests carbohydrates of LPG are involved in adhesion and contact-dependent cytotoxicity to host 
epithelial cells. 
The membrane proteins of T. vaginalis have been studied more extensively and have resulted in the 
discovery of a number of proteins, including CPs (CP30, CP65 and TvLEGU-1) and APs (AP65, 
AP33, AP51 and AP120) bound to the parasite’s surface (Hirt et al., 2011, Hirt et al., 2007). Given the 
similarity between T. foetus and T. vaginalis, this suggests that many surface proteins involved in T. 
foetus pathogenicity are yet to be discovered. With the recent discovery of the T. foetus feline 
genotype as the causative agent of enteric trichomoniasis, it will be important to characterise the 
surface proteins on both genotypes to assess the adaptation of the parasites to their respective host 
niches. T. foetus genotypes are obligate extracellular parasites and must adapt to the different 
environmental milieus (i.e. temperature, microflora, pH, ion strength, iron, polyamines, zinc, host 
immune responses, and other unknown factors) (Mestecky et al., 2005). It is unknown if pathogenic 
surface proteins that contribute to host/tissue tropism are analogous in bovine and feline T. foetus. 
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Characterising membrane proteins that contribute to the infection process in both bovine and feline T. 
foetus may reveal novel targets, either common or specific, for the development of drugs and vaccines 
for bovine and enteric trichomoniasis, respectively.  
 
Figure 1.6: Surface and secreted molecules of Tritrichomonas foetus involved in adhesion to the host 
cell. The two characterised molecules are liphophosphoglycan (LPG) involved in adhesion and 
immunogenicity, and the protein adhesion complex, Tf190, involved in attachment to host cells (Shaia 
et al., 1998). Cysteine protease 8 (CP8) plays a role in cytotoxicity of host cells (Singh et al., 2005, 
Singh et al., 2004). Soluble glycosylated antigen (SGA) is involved in immunogenicity (Singh et al., 
2001b). Surface associated Tf1.17 is an antigenic glycoprotein thought to be involved in adhesion 
(BonDurant et al., 1993, Hodgson et al., 1990). The specific identities of other surface and secreted 
proteins are unknown. 
 Secretory/excretory products 1.5.7
Extracellular proteases play a role in bovine trichomoniasis pathogenesis and are known to cleave 
fibronectin, a glycoprotein involved in mediating cell adhesion, which may impair the integrity of 
tissue within the host and promote invasion of T. foetus (Talbot et al., 1991). Hydrolysis of host 
carbohydrates is also involved in epithelial destruction. A number of proteases required for the 
complete breakdown of bovine mucins are secreted by bovine T. foetus into the extracellular matrix. 
These enzymes are thought to damage the protective mucin layer of the reproductive tract tissues, 
helping to breach a vital barrier and significantly contribute to the pathogenesis. CP8 is the most 
extensively studied CP secreted by T. foetus and causes inflammation and cytotoxicity of bovine 
epithelial cells via the induction of host-cell apoptosis (Singh et al., 2004, Singh et al., 2005). This was 
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established by adding the generic CP inhibitor, E-64 to the culture medium of bovine T. foetus co-
cultured with BVECs. E-64 inhibited cytotoxicity of T. foetus in BVECs. Inhibitor studies using E-64 
also reduced adhesion and cytotoxicity when feline T. foetus genotypes were co-cultured in vitro with 
porcine intestinal epithelial cells (Tolbert et al., 2014). However, it must be noted that in contrast to 
the effect of CP8 on bovine host cells, cytopathogenicity of the feline genotype was only via contact 
dependent mechanism (Tolbert et al., 2014, Singh et al., 2005, Singh et al., 2004). Although the exact 
CP(s) involved in the adhesion and cytopathogenicity of the feline genotype were not characterised, 
the involvement of CPs in virulence once again highlights the similarities of T. foetus genotypes. 
T. foetus pathogenesis and reproduction are highly energy dependent, therefore acquiring nutrients 
from the host is essential. Proteins secreted by T. foetus catabolise host nutrients, which aid in meeting 
these high energy demands (Petrin et al., 1998). Catabolism of macromolecules by CPs, such as CP8 
may enable T. foetus to release essential nutrients from the host such as proteins, lipids, nucleotides, 
and iron (Lucas et al., 2008). CP8 degrades iron binding protein molecules, lactoferrin and transferrin, 
enabling the parasite to acquire iron, which is thought to be essential in the pathogenicity of bovine 
trichomoniasis (Kulda et al., 1999).   
In vitro studies have shown that bovine T. foetus secretes CPs directly into the culture medium 
(Yule et al., 1989). This has been further confirmed in vivo by identifying CPs in the cervico-vaginal 
mucus of cattle infected with trichomoniasis (Yule et al., 1989, Thomford et al., 1996). This raises the 
question of what would be the effect of inhibiting this CP activity? Inhibition of CPs with E-64 has 
clearly demonstrated that CPs have a role in cleaving proteins involved in mediating adhesion and 
contribute to tissue invasion by impairing the integrity of the epithelial cell wall of the host (Singh et 
al., 2004, Kulda et al., 1999, Tolbert et al., 2014). CPs secreted by T. foetus degrade the 
immunoglobulin IgG, which are involved in evading the host immune response and prevent clearance 
of the parasite (Talbot et al., 1991). Identifying and defining the roles of these secreted proteases could 
lead to the development of strategies to inhibit their secretion and thus inhibit infection of T. foetus.  
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 The host environmental factors and parasite adaptations  1.5.8
 Host pH delineates T. foetus genotypes 1.5.8.1
Understanding all facets that influence T. foetus virulence may provide the answer to host-
adaptation of T. foetus genotypes. Not only must T. foetus be equipped with the appropriate defensive 
and offensive mechanisms to infect the host, it must also form an intimate relationship within these 
hostile host niches. It is vital to understand the influence of the host environment on the phenotype of 
bovine and feline genotypes. An initial study by Corbeil et al. (1989) was the first to suggest this. In 
this analysis adhesion of bovine T. foetus to vaginal epithelial cells was optimal at pH 6.0 to 7.5, 
approximately the pH range of the bovine vagina. Thus, this physiochemical property of the host 
environment may be relevant to the pathogenesis of T. foetus. Cross-infection studies of bovine and 
feline clinical T. foetus isolates went on to assess the impact of the host milieu on tissue tropism. The 
impact of the non-heterologous host on the experimental infection resulted in higher clearance rates of 
the bovine genotype in the feline host (Stockdale et al., 2007, Stockdale et al., 2008).  
Morin-Adeline et al. (2015a) also utilised pH tolerance as a method to assess if host factors would 
discriminate between the genotypes. Both bovine and feline genotypes encounter different pH 
environments in their natural host, with the bovine reproductive tract ranging from pH 7.4 to pH 7.8 
and the feline lower digestive tract ranging from pH 5.3 to pH 6.6. This variation can have profound 
detrimental effects if T. foetus is unable to adapt to the change, as this difference in pH equates to a 10 
to 100-fold change in free hydrogen ion activity (Corbeil et al., 1989, Brosey et al., 2000). The pH 
range of this study was chosen to reflect the host niche occupied by each genotype. Interestingly, the 
feline genotype exhibited an enhanced capacity to maintain cell morphology and viability at pH 6.0 
compared with the bovine genotype that exhibited a significant decrease in cell viability and increased 
cytoplasmic granularity at this same pH. Thus demonstrating the feline genotype tolerates mild acidic 
stress more than the bovine genotype. Despite the genotypic and transcriptomic similarities of these 
two genotypes (Slapeta et al., 2012, Morin-Adeline et al., 2014), environmental factors such as pH had 
a significant effect on the phenotypes of T. foetus, suggesting that the feline genotype is more likely to 
extend its host range than the bovine genotype.   
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 Host protease inhibitors and their effect on T. foetus  1.5.8.2
Generally, the activities of CPs within cells are regulated by pH, their propeptides or endogenous 
protein inhibitors, termed cystatins (Turk et al., 2002). This superfamily of CP inhibitors can be 
classified into three families based on their sequence homology, presence of disulphide bonds and 
molecular mass: type I cystatins (stefins) are low molecular mass (MW) (~11 kDa) intracellular 
proteins which contain no disulphide bonds or CHO side chain; type II, cystatins are mainly 
extracellular proteins of ~13 kDa in size and contain two disulphide bonds at the C-terminal; and type 
III (kininogens) which are precursor proteins of vasoactive peptides and are greater than 68 kDa. The 
role of these inhibitors involves protecting the cell from both external and endogenous CPs (Turk et 
al., 2002, Abrahamson et al., 2003). Cystatin C from the cystatin family is of particular importance as 
there is evidence to suggest it is secreted from mucous membranes with the gastro and urogenital tract 
and is present in biological fluids (i.e. urine, blood serum and saliva) (Abrahamson et al., 1990, 
Lignelid and Jacobsson, 1992, Jiborn et al., 2004). Therefore, these could also be inhibitors of 
extracellular CPs similar to those found at the host-parasite interface (Aboud et al., 2014, Stoka et al., 
1995). Inhibition of CPs is via a tight, yet reversible binding involving the N-terminus and two hairpin 
loops of Cystatin C (Nycander et al., 1998). There is evidence of Cystatin C containing antiviral and 
antibacterial bioactivities as well as being a potent immune-modulator against parasitic infections 
(Clark et al., 1974, Aboud et al., 2014, Lenarcic et al., 1991, Irvine et al., 1992, Blankenvoorde et al., 
1998). Human cystatin inhibited the immunomodulating CP, cruzipain, from T. cruzi and has been 
suggested to play a potential host defensive role against Chagas disease (Stoka et al., 1995). Thus, 
these features suggest cystatin C provides a host endogenous factor that could be used to compare the 
CP inhibitory effects of T. foetus genotypes, which may help to further distinguish between bovine and 
feline T. foetus genotypes.  
 PTMs 1.5.9
The proteomes of eukaryotic organisms are vastly more diverse than their genomes suggest. Two 
major contributing factors to this diversity are alternate splicing of mRNA at the transcriptional level 
and PTMs such as phosphorylation, glycosylation, proteolytic cleavage and so forth (Mowen and 
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David, 2014). PTMs can affect the biochemical properties of proteins, including modulation of their 
function, localisation and ability to interact with other macromolecules (i.e. protein-protein, protein-
lipid, protein-nucleic acid interactions). The ability of T. foetus parasites to survive the dynamic host 
milieu and escape the immune response requires the parasite to be able to rapidly adapt and counter 
host effector molecules (Seet et al., 2006). The addition/removal of PTMs would allow for the 
dynamic regulation of proteins rather than relying solely on the transcription and translation of genes 
for parasite survival. 
Based on the current PTMs research from trichomonads, phosphorylation and glycosylation are the 
two most common PTMs present (Figueroa-Angulo et al., 2012, Yeh et al., 2013b). Classification of 
protein glycosylation is based on the linkage between the amino acid and oligosaccharide with N- and 
O-linked glycosylation being the most common (Jensen et al., 2010, Burda and Aebi, 1999). These 
PTMs occur during translocation into the endoplasmic reticulum or during transport through the golgi 
complex, respectively (Zachara and Hart, 2006). Dedicated enzymes named glycosyltransferases (GT) 
and glycoside hydrolases carry out protein glycosylation events (Rodrigues et al., 2015). 
Glycosylation has been implicated to play important roles in host-parasite interactions, such as 
modulation of biological activity by providing critical protection from environmental stresses and 
mediating essential host recognition, adhesion and invasion steps (Muia et al., 2010, Luk et al., 2008, 
Rodrigues et al., 2015, Roth, 2002). Moreover, many of these oligosaccharide structures are involved 
in immunogenicity by enhancing or concealing immunogenic epitopes and are thus important/potential 
vaccine targets (Astronomo and Burton, 2010, Lisowska, 2002, Rodrigues et al., 2015, Wolfert and 
Boons, 2013). The immunogenicity of several trichomonad virulence factors have been attributed to 
glycosylation. Soluble glycosylated antigen (SGA) is a secreted soluble protein in T. foetus which was 
thought to cross-react with the antigen TF1.17 and may be responsible for inducing protective 
responses of T. foetus within bovine hosts as a result of vaccination (Singh et al., 2001a). The 
glycosylated immunogenic AP120 (PFO), is highly expressed in iron-rich host environments (Moreno-
Brito et al., 2005). In addition, the surface-associated CP is the first CP identified in T. vaginalis as 
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being glycosylated and although the exact function of glycosylation is unknown, this CP is also 
immunogenic (Ramon-Luing Lde et al., 2011).  
Phosphorylation is another PTM key to parasite survival (Green et al., 2008, Joyce et al., 2010). 
Considered the most significant PTM with respect to regulation, phosphorylation enables a highly 
dynamic and reversible regulation of protein function and cellular activity (Hunter, 1995, Delom and 
Chevet, 2006). Regulation is mediated by a network of protein kinases (catalyse the transfer of a 
phophoryl group from an ATP to hydroxyamino acid) and phosphatases (hydrolyse the phosphoester 
bond of the modified amino acid, restoring the hydroxyamino acid to its unphosphorylated state) that 
add/remove a phosphate group to a serine, threonine or tyrosine amino acid (Reinders and Sickmann, 
2005). This modification modulates a number of crucial cellular functions, including cell growth, 
proliferation, differentiation, migration, metabolism and apoptosis. The genome of T. vaginalis 
encodes for one of the largest eukaryotic kinomes (~880 proteins) suggesting that phosphorylation is 
important in trichomonads (Carlton et al., 2007). Localisation of the AP, P270, is regulated by 
phosphorylation in iron-rich environments. When P270 is phosphorylated, it remains in the cytoplasm, 
however, once dephosphorylated it is relocated to the trichomonad surface (Alderete, 1999). The 
phosphoproteome analysis of T. vaginalis identified a signal transduction protein, 14-3-3, which is 
involved in signalling events such as proliferation, migration and morphological changes during the 
parasite’s lifecycle (Yeh et al., 2013b). The same authors proposed that the phosphorylation of 14-3-3 
this protein may be a crucial PTM that enables the adaptation of the parasite to diverse host milieus 
(Yeh et al., 2013b). In addition, proteins involved in carbohydrate metabolism were also 
phosphorylated at different stages of its lifecycle, suggesting that regulation of glucose homeostasis is 
also regulated by phosphorylation. 
 PROTEOMICS 1.6
In light of the current information on T. foetus, it has been proposed that analysis of the proteins 
involved in virulence could account for the phenotypic plasticity arising from the two host-adapted 
genotypes (Morin-Adeline et al., 2014, Stockdale et al., 2008). Proteomics provides critical 
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information on the proteins expressed within an organism/tissue/cell at a given point in time. It can 
address challenges that cannot be approached by genomic analysis, namely, relative abundance of the 
protein products, PTMs, compartmentalisation, and turnover (James, 1997). Proteomics has emerged 
as a vital technique to understand biological processes (Altelaar et al., 2013). 
‘Top-down’ proteomics is a strategy that analyses intact proteins prior to MS analysis (Coorssen 
and Yergey, 2015). An example of a ‘top-down’ experimental pipeline is the resolution and 
characterisation of complex protein samples using two-dimensional gel electrophoresis (2DE) coupled 
with mass spectrometry (LC-MS/MS) (Jungblut, 2001, Rabilloud and Lelong, 2011) (Figure 1.7). 
Two-dimensional gel electrophoresis resolves proteins based on their net charge and approximate 
molecular mass, while LC-MS/MS is subsequently used to analyse the peptides from the digestion of 
proteins resolved within the 2DE; the results from the MS are then matched against databases of in 
silico digested protein sequences using standardised search and scoring algorithms such as MASCOT 
(Wittmann-Liebold et al., 2006, Yergey et al., 2002, Rabilloud and Lelong, 2011). Two-dimensional 
gel electrophoresis is an invaluable technique due its high protein resolving and separating power and 
is still vital in areas of de novo sequencing, protein identification from organisms with no or 
incomplete genome sequences and when identifying protein proteoforms (Rogowska-Wrzesinska et 
al., 2013, Coorssen and Yergey, 2015). However, limitations of this technique have also been noted 
based on reproducibility, poor resolution of low abundance, highly acidic/basic, large size and 
hydrophobic proteins and difficulties in automating gel based methods (Lilley et al., 2002, Ong and 
Pandey, 2001, Gygi et al., 2000).  
In contrast, ‘bottom up’ proteomics analysis refers to the characterisation of proteins based on 
peptides released from the protein through proteolysis (Figure 1.7). ‘Bottom-up’ is also referred to as 
shot-gun proteomics, a term coined by the Yates lab to refer to proteomics performed on a mixture of 
proteins (Yates, 1998). Usually performed using gel-free pipelines, shotgun proteomics provides an 
indirect measurement of proteins through peptides derived from proteolytic digestion of intact proteins 
(with proteases such as trypsin, Lysine-C Glutamine-C and Asparagine-N) (Yates, 2013). In a typical 
shotgun proteomics experiment, the peptide mixture is fractionated and subjected to LC-MS/MS 
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analysis (Zhang et al., 2013). The benefit of shotgun proteomics is that it involves less sample 
manipulation, useful fragmentation information is easily obtained and the whole process is more high-
throughput than 2DE. However, drawbacks include limited molecular information is provided on the 
protein(s) identified (i.e. observed molecular mass and pI) and difficulty in identifying low abundant 
proteins (McCormack et al., 1997, Peng and Gygi, 2001).  
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Figure 1.7: Flow-chart comparing top-down and bottom-up quantitative proteomic analysis approaches.  
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Following the sequencing of the T. vaginalis genome (Carlton et al., 2007), proteomics has been an 
invaluable resource in enhancing the understanding of host-parasite interaction as it has provided 
further insight into specific proteins involved in the pathogenesis of trichomoniasis (Ryan et al., 2011). 
Although the genome of T. foetus was only published prior to submitting this thesis and was not 
utilised in the analysis this did not limit the proteomic analysis of T. foetus Although the genome of T. 
foetus was only published prior to submitting this thesis and was not utilised in the analysis, the 
analysis was not limited, as a database of annotated transcriptomes specific to the T. foetus isolates 
used in this study was available (Benchimol et al., 2017). Together with the aid of the genome and 
proteome of T. vaginalis and the annotated transcriptomes of T. foetus, novel proteins from T. foetus 
have the potential to be identified (Huang et al., 2013, Morin-Adeline et al., 2014, Morin-Adeline et 
al., 2015b, Carlton et al., 2007). The identification of genotypic variation within the bovine and feline 
genotypes of T. foetus, has led us to believe that quantitative proteomic analysis of these two 
genotypes could be utilised to reveal key differences. Such differences will serve as potential 
biomarkers for trichomoniasis diagnosis as well novel target molecules for treatment. Considering the 
pros and cons of both ‘top-down’ and ‘bottom up’ proteomic strategies, integrating these techniques to 
capitalise on their unique benefits could enhance the understanding of the host/tissue tropism of T. 
foetus genotypes and uncover differences in the proteomes that contribute to these host-adapted 
parasites.  
 CONCLUSION 1.7
Bovine and feline T. foetus genotypes have likely adapted mechanisms to acquire nutrients and 
enhance survival within their respective host niche. The pathogenesis of T. foetus infections within 
domestic animals and ruminants are still unclear, which is reflected in insufficient treatment protocols 
and vaccination strategies. The limited research that has been undertaken to understand the 
mechanisms of bovine and feline T. foetus pathogenicity has identified adhesion to the host epithelium 
and the onslaught of virulence factors as being critical to infection. It has been established that 
proteases are key virulence factors in the host-parasite interactions of T. foetus. However, the exact 
role of proteases within both bovine and feline genotypes is still ambiguous. The differences between 
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the genotype (DNA) and consequent phenotype (protein) of bovine and feline T. foetus genotypes are 
in the early stages of discovery. Analysis of T. foetus proteomes using quantitative proteomics, will 
provide both, biological insight into key proteins involved in T. foetus pathogenesis and novel drug 
and vaccination targets to treat both bovine and enteric trichomoniasis. 
 THESIS OBJECTIVES 1.8
The aim of this thesis was to comparatively analyse bovine and feline Tritrichomonas foetus 
genotypes at the proteome level in order to understand the biological variability and consequent 
virulence factors defining host tissue tropism. By characterising the proteomes of bovine and feline T. 
foetus genotypes, this thesis builds upon the recent comparative studies of bovine and feline T. foetus 
genotypes. The overarching aim of this thesis was to establish baseline proteome maps of the bovine 
and feline T. foetus genotypes and identify proteins that could be the focus of future drug/vaccine 
studies.  
Results of this thesis begin with Chapter 2. The aim of this chapter was to comparatively 
analyse whole cell proteomes of bovine and feline T. foetus using comparative proteomics. The 
analysis was enriched using two-dimensional zymography and protease specific CP fluorogenic 
substrate assays, which revealed a distinction of protease activity between the two genotypes. By 
resolving the proteomes of bovine and feline T. foetus genotypes, we identified a strong similarity 
between the bovine and feline genotypes, while still identifying important differences.  
The aim of Chapter 3 was to build upon the knowledge obtained from Chapter 2, and 
comparatively analyse the proteomes of a commensal porcine T. foetus isolate with parasitic 
bovine and feline T. foetus isolates. An alternate bottom-up (gel-free) quantitative proteomic 
approach was applied using label free spectral counting and demonstrated similarities between the 
proteomes of a commensal porcine isolate and the two pathogenic bovine and feline isolates. In 
addition, a sub-aim of this chapter was to compare and analyse top-down and bottom-up 
proteomic methods for future proteomic analysis of T. foetus.   
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The aim of Chapter 4 was to quantitatively analyse the secretomes of parasitic bovine and 
feline T. foetus isolates. This analysis also aimed at comparatively analysing the phosphorylated and 
glycosylated protein profiles of both isolates. Quantitative proteomic analysis using two-dimensional 
gel electrophoresis was applied to resolve and analyse secretomes of pathogenic isolates of T. foetus. 
Another aim included the characterisation of the enzymatic activity of the secretomes of bovine 
and feline genotypes. It also sought to demonstrate the inhibitory potential of recombinant 
endogenous CP inhibitor, bovine cystatin C, as a means to further delineate the CP profiles of both T. 
foetus genotypes.   
Overall, this thesis contains five chapters. The first chapter provides a general introduction to 
protozoan parasites, with a specific focus on trichomonads and their pathogenesis of infection. The last 
chapter provides a final discussion linking the results chapters and expands on the future directions 
which are briefly explained in each results chapter. The results chapters comprise Chapter 2 to Chapter 
4, and have been written in a journal format. Chapter 2 has been published in the International Journal 
of Parasitology. Manuscripts for Chapters 3 and 4 are in preparation. 
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 INTRODUCTION 2.1
Trichomonads are a diverse group of protozoans that include a number of parasites of medical and 
veterinary importance (Leitsch, 2016, Tolbert and Gookin, 2016).
 
The most notorious members are 
Trichomonas vaginalis and Tritrichomonas foetus, both of which cause infections termed 
trichomoniasis (Leitsch, 2016, Tolbert and Gookin, 2016).
 Trichomonas vaginalis is responsible for 
causing a sexually transmitted infection in humans, infecting up to 276 million people worldwide 
annually (World Health Organization, 2012). From a veterinary perspective, T. foetus is considered to 
be the bovine equivalent of T. vaginalis and is recognized as an important venereal pathogen that 
results in significant economic losses (Chapwanya et al., 2016, Yao and Koster, 2015b, Yule et al., 
1989).
 
While infections in bulls are typically asymptomatic, infected bulls remain lifelong carriers and 
are responsible for transmitting the infection during coitus (Parsonson et al., 1974).
 
Control and 
treatment of this infection is challenging with culling of infected bulls the only viable option for 
eradicating the parasite (Chapwanya et al., 2016).
 Tritrichomonas foetus induces inflammation within 
the reproductive tract of infected cows, leading to embryonic losses and infertility (Yule et al., 1989). 
Although a number of prevention and control strategies have been introduced, such as testing and the 
use of regulated artificial insemination programs, in many cases these strategies are impractical and 
thus unsuccessful (Collantes-Fernandez et al., 2014, Rae and Crews, 2006).
 
 
Tritrichomonas foetus has also been identified as the aetiological agent of enteric trichomoniasis in 
cats (Gookin et al., 1999a). However, in contrast to bovine trichomoniasis, the infection is limited to 
the ileum, caecum and colon of the gastrointestinal tract, where it results in chronic large bowel 
diarrhoea (Gookin et al., 1999a, Gookin et al., 2001). Feline trichomoniasis has a worldwide 
distribution with high prevalence rates where cats are housed at high density (e.g. catteries or shelters) 
(Bell et al., 2010, Miro et al., 2011, Lim et al., 2010, Tysnes et al., 2011, Kingsbury et al., 2010, Frey 
et al., 2009). Drugs within the 5-nitroimidazole class (i.e. ronidazole) have been successfully used to 
treat feline trichomoniasis, although there are limitations to the effectiveness of this drug due to its 
neurotoxicity as well as the existence of drug resistant strains (Gookin et al., 2010). 
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Whilst there is nothing unusual about a parasite extending its host range, what is fascinating about 
T. foetus clinical isolates is that they differ dramatically in terms of their host/tissue tropism and routes 
of transmission. Over the years there has been much controversy regarding the relationship between 
the bovine and feline isolates i.e. are they the same species or are they different? Cross-infectivity 
studies using bovine and feline isolates suggest that significant differences in pathogenicity exist, and 
this has been attributed to the physiological adaptation of each isolate to their respective host and 
niche within the host (Stockdale et al., 2007, Stockdale et al., 2008).
 
However, a number of single 
gene studies have revealed only minor genetic differences between isolates (Slapeta et al., 2010, 
Slapeta et al., 2012, Sun et al., 2012). Therefore, as a result of their close genetic relationship, the term 
“genotype” has been adopted to signify host origin (Slapeta et al., 2012). 
Comparative transcriptomics has been utilised in an attempt to uncover evidence of host-specific 
adaptation within each genotype (Morin-Adeline et al., 2014). Ironically, this study only served to 
further reinforce the lack of genetic distinctness between the genotypes and discredited any suggestion 
that they were different species (Morin-Adeline et al., 2014).
 
To understand if host factors could help 
discriminate between genotypes, Morin-Adeline et al. (2015a) tested if pH could act as a physiological 
barrier to host/organ tropism. A pH range was chosen to reflect the host niche occupied by each 
genotype.
 
The feline genotype demonstrated a higher tolerance to mild acidic stress compared with the 
bovine genotype suggesting that phenotypic differences do exist and that pH would likely pose a 
barrier to cross-infection between hosts. 
The molecular mechanisms that underpin the host range and organ tropism of T. foetus have yet to 
be elucidated. Proteomic analysis has been successfully used to identify key proteins involved in host-
parasite interactions in a number of medically important parasites including Plasmodium, Entamoeba 
and Giardia (Biller et al., 2014, Emery et al., 2014, Singh et al., 2009). However, to date only a single 
study has been undertaken characterising the proteome of the bovine T. foetus genotype, and was 
limited to resolving protein species or proteoforms from a narrow pI range (Huang et al., 2013). Thus, 
the aim of the current study was to probe deeper into the proteomes to gain further insight into the 
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host/organ tropism displayed by the bovine and feline genotypes. To do this a comparative top-down 
analysis of the cellular proteomes of T. foetus bovine and feline genotypes was undertaken using two-
dimensional gel electrophoresis (2DE) coupled with LC-MS/MS. Despite having remarkably similar 
proteomes, cysteine protease (CP) 8 variants were identified among the most abundant of protein 
species in both genotypes; using 2DE gelatin zymography and specific fluorogenic assays, marked 
differences in T. foetus CP activities and profiles were identified.  
 MATERIALS AND METHODS 2.2
 Chemicals  2.2.1
All materials were of electrophoresis grade or higher and were supplied by Amresco (Solon, OH, 
USA) unless otherwise specified.  
 Parasite culture conditions 2.2.2
The T. foetus isolates and culture conditions used in this study were the same as those used in the 
recent comparative transcriptomic study; an isolate from a naturally infected cat; Tritrichomonas 
foetus Sydney-G10/1 (cryopreserved in the culture collection at the Faculty of Veterinary Science, The 
University of Sydney, Australia) (Morin-Adeline et al., 2014) and an isolate from a naturally infected 
cow; T. foetus BP-4: Beltsville (ATCC®30003TM, the American Type Culture Collection, Manassas, 
USA). Tritrichomonas foetus parasites were axenically maintained at 37˚C in trypticase, yeast extract 
medium (TYM) (20 g L
-1
 trypticase peptone (Becton-Dickinson, Sparks, MD, USA), 10 g L
-1 
yeast 
extract (Becton-Dickinson), 5 g L
-1 
maltose (Sigma, St Louis, MO, USA), 1 g L
-1 
L-Cysteine-HCl 
(Amresco, Solon, OH, USA), 200 mg L
-1 
L-ascorbic acid (Sigma), 0.8 g L
-1
 K2HPO4 and 0.8 g L
-1 
KH2PO4, pH 7.2, supplemented with 10% (v/v) heat inactivated lamb serum (Life Technologies, 
Carlsbad, CA, USA). Parasites were harvested for analysis within five passages of reviving the 
cryopreserved stock. 
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 Collection and preparation of the total protein fraction 2.2.3
Tritrichomonas foetus parasites were harvested in their log phase (24 h, equating to approximately 
1 × 10
6
 parasites mL
-1
) by centrifugation (1,500 × g for 5 min at room temperature) and washed three 
times with sterile PBS (pH 7.2). Cultures were only used when > 95% of the parasites were viable, as 
determined by a propidium iodide exclusion test (Krishan, 1975).
 
Following centrifugation, pelleted 
parasites were lysed in a hypotonic lysis buffer containing 20 mM HEPES supplemented with a 
protease inhibitor cocktail (2 mM Benzamidine HCl (Sigma), 0.8 µgmL
-1 
aprotinin (Sigma), 0.8 µg 
mL
-1 
pepstatin (Sigma), 0.8 µg mL
-1 
leupeptin (Sigma), 4 µg mL
-1
 4-(2-Aminoethyl) benzenesulfonyl 
fluoride hydrochloride (AEBSF) (Sigma) and 3.6 µg mL
-1 
of trans-Epoxysuccinyl-L-leucylamido (4-
guanidino) butane, L-trans-3-Carboxyoxiran-2-carbonyl-L-leucylagmatine, N-(trans-Epoxysuccinyl)-
L-leucine 4-guanidinobutylamide (E-64) (Sigma). This was followed by five cycles of freeze thaw, 
which included a 6 min bath sonication cycle with 30 sec of incubation on ice in between each 30 sec 
sonication (Unisonics, Sydney, NSW, Australia). Once lysis was confirmed by light microscopy, 
proteins from lysed parasites were immediately precipitated by adding trichloroacetic acid (TCA) to a 
final concentration of 10% (w/v) and incubated overnight at -30˚C. TCA precipitated proteins were 
pelleted by centrifugation at 15,000 × g for 30 min at 4˚C. The supernatants were removed and the 
precipitated proteins were gently resuspended and washed with 100% ice cold acetone, followed by an 
additional centrifugation at 15,000 × g for a further 15 min at 4˚C. Protein pellets were then dried 
under nitrogen gas for ~3 min. and washed with 100% ice-cold acetone. This precipitation method is 
the one of the most popular methods used for proteome sample preparation given its ability to separate 
potentially contaminating compounds (i.e. salts, lipids, nucleic acids and so forth) from proteins 
(Rajalingam et al., 2009). TCA partially denatures proteins, which exposes non-polar protein surfaces, 
resulting in intermolecular coalescence and consequently protein precipitation. Trichomonad lysates 
are well-known to be rich in proteases and even though samples are treated with protease inhibitors, 
the lengthy 2DE process can result in sample degradation (Rajalingam et al., 2009, Jacobs et al., 
2001). This partial denaturation of proteins during TCA precipitation inactivates protease activity in 
this protease-rich sample preventing degradation and maintaining sample quality. Total cellular 
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protein samples were solubilized on ice using 2DE solubilisation buffer (2DSB) (8 M urea, 2 M 
thiourea, 4% 3-[(3-Cholamidopropyl)dimethylammonio]-1-propanesulfonate hydrate (CHAPs) and 
protease inhibitor cocktail) (Butt and Coorssen, 2005).
 
Solubilised protein concentrations were 
quantified using the EZQ protein assay according to the manufacturer’s instructions (Molecular 
Probes, Eugene, OR, USA). The sensitivity of this assay ranges from 0.02 µg/µL (0.02 µg) to 0.5 
µg/µL and is compatible with most detergents (Molecular Probes, Eugene, OR, USA). A dilution 
series of each sample was performed in triplicate to ensure the accuracy of the assay.   
 Two-dimensional electrophoresis of total cellular protein samples 2.2.4
Two-dimensional electrophoresis was performed as previously described (Butt and Coorssen, 
2005).
 
A total of 300 µg of total cellular protein were sequentially reduced with 45 mM of 
dithiothreitol (DTT) and 2.3 mM tributylphosphine (TBP) and alkylated with 230 mM of acrylamide 
for 1 h at 25˚C, and applied to an immobilized pH gradient (IPG) strip (17 cm, pH 3-10 nonlinear; 
Bio-Rad, Hercules, CA, USA), which was then passively rehydrated for 16 h. Isoelectric focusing 
(IEF) was performed at 17˚C using a Protean IEF Cell (Bio-Rad) with the following parameters: 250 
V for 15 min, ramped linearly to 10,000 V for 3 h followed by a constant voltage of 10,000 V for 
75,000 Vh at a maximum of 50 µA per strip. 
Prior to the second dimension of resolution, IPG strips were reduced (2.5% DTT), then alkylated 
(2% acrylamide) for 10 min in equilibration buffer (6 M urea, 20% glycerol, 0.375 M Tris-HCl, pH 
8.8). Proteins in the IPG strips were then resolved in 12.5%T (total monomer concentration), 3.6%C 
(crosslinker) SDS-PAGE gels using the Protean II xi system (Bio-Rad). Gels were resolved at 4˚C 
using a voltage of 150 V until the dye front reached the bottom of the stacking gel, and then 90 V until 
the dye front reached the bottom of the resolving gel.  
Following electrophoresis, gels were fixed for 2 h using a solution of 10% (v/v) acetic acid and 7% 
(v/v) methanol followed by three 20 min washes in double distilled water. Gels were stained for 20 h 
with 300 mL per gel of a freshly prepared colloidal Coomassie solution (2% (v/v) phosphoric acid, 
10% (w/v) ammonium sulphate, 0.1% (w/v) Commassie G-250 (Amresco, Solon OH) and 10% (v/v) 
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methanol) and destained with 0.5 M NaCl. All these steps were performed with shaking throughout 
using an orbital shaker at 50 rpm (Gauci et al., 2013, Neuhoff et al., 1988).
 
Gauci, Padula & Coorssen 
(2013) have demonstrated this cost-effective formulation to be just as sensitive as SYPRO Ruby 
(current commercial standard stain) when imaged in the infrared (as described below). 
 Image analysis 2.2.5
To ensure biological and experimental reproducibility, each experiment consisted of a minimum of 
two independent biological replicates each performed in technical triplicates. Images of the gels were 
obtained immediately after the final destain at 100 µm resolution using a FLA-9000 (Fujifilm, Minato- 
Tokyo, Japan) fluorescence imager as previously described (Gauci et al., 2013). Images were scanned 
using infrared fluorescence detection at an excitation of 685 nm and emission at > 750 nm. The 
photomultiplier tube (PMT) was set to 600 V. Image analysis was carried out using the computer 
image analysis software Delta2D (V4.0) (DECODON Gmbh, Greifswald, Germany) in accordance 
with the manufacture’s specifications. Images were divided into two groups corresponding to the two 
genotypes used in the study. Each image was warped and fused (union setting) to produce a consensus 
spot pattern. This pattern was then transferred to all raw images to enable spot comparisons between 
the two genotypes. Three sets of criteria were established to identify protein spots of interest: (i) The 
first set of spots were defined as those having a significant difference of four-fold or greater in mean 
normalised volume between each genotype (Student’s t-test, P-value < 0.05) with 100% 
reproducibility over the relevant data set; (ii) Given the lack of proteomic data from T. foetus, spots 
identified as being the 50 most abundant (i.e. 50 spots with the highest normalized spot volume) of 
each genotype were also selected; and (iii) 20 spots that were of equal abundance between the two 
genotypes (i.e. normalized volume ratio ~1:1). The reason for selecting these criteria was to identify 
proteins that could contribute to host-adaptation of these two host-adapted genotypes and to increase 
the proteomic information that is lacking. The 20 spots of equal abundance from each set of replicate 
gels were digested separately to confirm all pooled spots from replicate gels were the same protein 
species across replicate gels (i.e. a protein species resolved from one genotype was comparably 
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resolved from the other as well). All spots that matched our criteria were confirmed by visual 
inspection of both the gels and imaging data. 
To enable calculation of the observed molecular mass (MW) and isoelectric point (pI) of a given 
protein spot, a set of 2DE standards (Bio-Rad) were routinely resolved over the course of the study. A 
standard curve was created based on the average migration of the protein standards according to the 
manufacturer’s specifications. The observed MW and pI of the resolved proteins from the 
experimental samples were then interpolated on the standard curve. 
 Protein spot digestion and peptide extraction 2.2.6
Protein spots of interest were manually excised and digested according to Seymour et al. (2010) 
with minor alterations. Gel spots were washed with 100 mM ammonium bicarbonate and then 
destained twice (50 mM ammonium bicarbonate, 50% (v/v) acetonitrile). Destained spots were 
dehydrated with 100% (v/v) acetonitrile and rehydrated with 50 mM ammonium bicarbonate 
containing 62.5 ng of trypsin (Promega, Madison, WI, USA). After incubation at 4˚C for 30 min, 
samples were incubated at 25˚C for a further 12 h. Tryptic digests were then sonicated for 30 min at 
room temperature in a sonication bath (Unisonics). Samples were centrifuged and the supernatant was 
collected. Remaining peptides in the gel pieces were extracted by adding 50% (v/v) acetonitrile and 
2% (v/v) formic acid, followed by an additional sonication for 30 min. The samples were centrifuged, 
pooled with the supernatant previously collected and the volume was then reduced to 15 µL using a 
Speedivac (Christ, Germany).   
 LC-MS/MS analysis of protein spot digests 2.2.7
LC-MS/MS was performed as described previously with minor modifications (Deutscher et al., 
2010). The peptides were washed off the trap at 300 nL min
-1
 onto a PicoFrit column (75 μm × 100 
mm) (New Objective, USA) packed with Magic C18AQ resin (Michrom Bioresources, USA), and the 
following protocol was used to elute peptides from the column and into the source of a QSTAR Elite 
hybrid Q-TOF mass spectrometer (Applied Biosystems, Sciex, USA): 5-30% MS buffer B (98% 
acetonitrile, 0.2% formic acid) over 8 min, 30−80% MS buffer B over 3 min, 80% MS buffer B for 2 
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min, 80−85% MS buffer B for 3 min. MS and MS/MS fragment ion scans were calibrated using 
fragments of Glu-Fibrinopeptide B. MS/MS spectral data were converted to Mascot Generic format 
using TOF/TOF extractor (V2.1) (Michigan Proteome Consortium, 2003). Mass spectrometry data 
files have been deposited in the research data repository at Western Sydney University, Australia 
(DOI: 10.4225/35/5731634ffa723).  
 Database searching 2.2.8
LC-MS/MS data were queried against the T. foetus bovine and feline translated transcriptomes 
(Morin-Adeline et al., 2014) conncatenated with a common contaminants database (Walter Eliza Hall 
Institute (WEHI), Melbourne, Victoria, Australia) using the Peaks DB protein identification function 
in Peaks (V7.0) (Bioinformatics Solutions Inc., Waterloo, Ontario, Canada), and searched against the 
UniProt, plasmoDB and Ensembl databases (LudwigNRVQ212) and common contaminants database 
(WEHI) using Mascot Daemon (V2.2.2). The following parameter settings were used: fixed 
modifications: none; variable modifications: propionamide, oxidised methionine; enzyme: semitrypsin 
(Mascot Daemon) and trypsin (PEAKS); number of allowed missed cleavages: 2; peptide mass 
tolerance: 100 ppm; MS/MS mass tolerance: 0.2 Da; and charge state: 2+ and 3+. The results were 
filtered to include hits with at least one unique peptide and to exclude hits with a P-value > 0.05 
(Mascot Daemon) and a -10logP < 20 (PEAKS). Peptide matches were further validated by manual 
inspection to ensure there were no false positive hits, which are often caused by random matching 
between the experimental and theoretical data. 
 Gene Ontology information and functional annotation 2.2.9
The analysis was further enriched by annotating the proteins with Gene Ontology (GO) terms using 
Blast2GO (V3.2.4) (Conesa et al., 2005).
 Applying the platform’s default settings, GO terms were set 
at level 3 and were filtered to include a maximum of 20 GO terms of the most assigned sequences. 
Analysis was further enriched by using TMHMM Server (V2.0) to predict the presence of 
transmembrane domains (Sonnhammer et al., 1998). 
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 Analysis of CP activity of total cellular protein extracts 2.2.10
 Two-dimensional gel electrophoresis zymography  2.2.10.1
To assess the proteolytic activity of the two genotypes, washed parasite pellets containing 
approximately 1 × 10
9
 parasites were lysed in 2DSB with 45 mM DTT and 2.3 mM TBP without 
protease inhibitors. Thirty micrograms of total cellular protein were reduced and applied to an IPG 
strip (either a 7 cm, pH 3-10 nonlinear or a pH 3-6, Bio-Rad) and rehydration was performed for 16 h. 
Samples were resolved as described in section 2.2.4, with the following modifications: the alkylation 
step was omitted during equilibration and SDS-PAGE gels were copolymerised with 0.2% (w/v) 
gelatin as an enzymatic substrate. After electrophoresis, gels were washed twice in 2.5% (w/v) Triton-
X 100 at room temperature (30 min per wash) on a shaking incubator at 50 rpm to remove SDS from 
the gel and facilitate the renaturation of proteins. Following this, gels were placed in activation buffer 
(100 mM Tris-HCl, pH 7.5 and 1 mM DTT) for 1 h at 37˚C to allow for protease activity. The gels 
were then stained and destained following the colloidal Coomassie staining protocol described above 
using 0.2% (w/v) Coomassie G-250. Proteolysis was visualized as zones of clearing against a 
Coomassie stained background. To determine if protease activity was attributable to that of the CP 
class, 100 μM E-64 (final concentration), a CP inhibitor, was included in the 2DSB prior to first 
dimension separations and in the activation buffer following electrophoresis. For quantification and 
comparison of gelatinolytic activity, 2DE zymogram gels (pH 3-10 nonlinear) were scanned 
densitometrically using the ChemiDoc XRS+ imaging system (Bio-Rad) and the resulting images 
analysed using ImageJ (V1.6.0_20) (National Institute of Health, Bethesda MD, USA) (Schneider et 
al., 2012).
 
Each zymogram gel was repeated three times using independently isolated parasite protein 
extracts. 
 Fluorogenic analysis  2.2.10.2
CP profiles of T. foetus bovine and feline whole cell lysates were directly determined by 
fluorogenic assay using the synthetic substrates Z-Leu-Arg-7-Amino-4-methylcoumarin (AMC), Z-
Phe-Arg-AMC and Z-Arg-Arg-AMC (Bachem, Bubendorf Switzerland). Protein extracts (25 ng) from 
each genotype were activated in 1 mM DTT, 100 mM Tris-HCl, 10 mM NaCl, pH 7.5 in 200 µL for 
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30 min at 37˚C in black 96-well plates. The reaction was then initiated by adding substrate (i.e. Z-Leu-
Arg-AMC, Z-Phe-Arg-AMC, Z-Arg-Arg-AMC) to a final concentration of 10 µM. After 90 min of 
incubation at 37˚C, activity was measured using a Fluostar Omega microplate reader (BMG Labtech, 
UK) to detect the fluorescent signal emitted as a result of the enzymatic release of the fluorogenic 
leaving group, AMC, at an excitation wavelength of 355 nm and an emission wavelength of 460 nm. 
Results are presented as relative fluorescence units (RFU) following blank correction. Assays were 
performed in technical triplicates and repeated at least three times using independently isolated protein 
lysates. Statistically significant differences between the means were determined by ANOVA using the 
Bonferroni method (OriginPro (V9.1), Northampton, MA); all pairs of substrates were compared. 
 RESULTS 2.3
 Image analysis of 2DE electrophoresis gels 2.3.1
To quantitatively compare the proteomes of T. foetus bovine and feline genotypes, their total 
cellular protein complements were resolved using 2DE (Figure 2.1). The proteomes of both genotypes 
were resolved using wide range non-linear 3-10 IPG strips to enhance the resolution of the majority of 
proteins that focus in the middle of the strip (within the 5-8 pI range), while also enabling the 
resolution of protein species with pIs closer to the limits of the IPG strip. Image analysis confirmed 
that the replicate gels were highly reproducible resolving an average of 1,442 ± 73 (S.E.M.) and 1,450 
± 88 protein spots across the six replicate gels of the bovine and feline genotypes, respectively. The 
majority of spots resolved were between 17 kDa and 100 kDa and a pI range of 4.3 to 7.8. 
Interestingly, 370 ± 21 protein spots from the bovine genotype were resolved outside of the pI range of 
4-7, which was excluded in a previous proteome analysis (Huang et al., 2013).
 
The feline genotype 
produced a similar result, with 381 ± 4 protein spots resolved outside the pI range of 4-7. Of the 
proteins resolved outside this pI range, the majority were common to both genotypes across replicate 
gels.  
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Bovine genotype Feline genotype 
Figure 2.1: Representative 2DE spot maps of bovine (A) and feline (B) Tritrichomonas foetus confirming the highly conserved total cellular proteomes. Proteins 
(300 µg) were resolved in the first dimension by IEF (non-linear IPG, pH range 3-10), and the second dimension using 12.5% SDS-PAGE. The gels were stained 
with colloidal Coomassie and imaged in the near-infrared. Numbers listed represent > four-fold differentially abundant protein spots identified across six replicate 
2DE gels; the respective proteins are listed in Table 2.1. 
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Our analysis focused on identifying proteins that met three criteria: (i) a significant difference of 
four-fold or greater in mean normalised fluorescence volume (i.e. amount of protein) between each 
isolate (Student’s t-test; P < 0.05); (ii) the 50 most abundant protein ‘spots’ of each isolate; and (iii) 20 
spots that were of equal abundance between the two isolates (i.e. ratio ~1:1), as outlined in Section 
2.2.5; these were selected for further analysis. Of these spots, 24 showed a four-fold or greater 
difference (Student’s t-test; P < 0.05) between genotypes: 14 from the bovine and 10 from the feline 
genotype (Figure 2.1 and Table 2.1). Of the 50 most abundant spots for each genotype, 30 proteins 
were found to be common, although the actual abundance of these proteins varied between the 
genotypes (Figure 2.2, Figure 2.3 and Appendix 2.6.1). All 164 protein spots of interest were manually 
excised and analysed using LC-MS/MS. 
 Identification of proteins 2.3.2
In the absence of a T. foetus genome; a database was compiled using translated sequences obtained 
from the annotated bovine and feline T. foetus transcriptome in combination with the LudwigNR 
database to enhance the identification of proteins of interest (Morin-Adeline et al., 2014). Of the 24 
protein spots with ≥ four-fold change excised for analysis, 22 proteins were successfully identified; 13 
from T. foetus bovine and nine from T. foetus feline (Table 2.1). It is interesting to note that although a 
number of these proteins, such as malate dehydrogenase (spots 89 and 97) and fructose-1,6-
bisphosphate (spot 70) were found to be differentially abundant between genotypes, they were not 
unique to a given genotype and represent different species or proteoforms (e.g. isoforms and/or post-
translationally modified variants), as suggested by the differences in pI and MW. Proteoforms of 
thioredoxin peroxidase (spots 71 and 99) and peptidyl-prolyl cis-trans isomerase (FKBP-type family 
protein) (spots 74 and 83), involved in virulence, were found to be differentially abundant. Two 
proteins associated with cytoskeletal remodelling were also identified; Coronin (spot 39) was found to 
be 4.3 fold more abundant in the proteome of the feline genotype, while centrin (spot 86) was 4.8 fold 
more abundant in the bovine genotype. Peptides from two spots annotated from peak lists generated by 
LC-MS/MS could not be matched to peptides in the databases interrogated in this study. 
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a
Spot number assigned as listed in Figure 2.1. 
b
Accession number from T. foetus transcriptome or 
UniProtKB. 
c
Name of protein identified by searching the peak list generated from LC-MS/MS using 
Mascot and Peaks. 
d
-10lgP significance score of the peptides identified. 
e
Percentage of coverage 
relative to the full primary amino acid sequence of the protein. 
f
Number of peptides used to establish 
the protein identification. 
g
Theoretical and 
h
observed pI and molecular mass (MW) (kDa) of the 
identified protein. 
i
Mean values of relative protein abundance; bars on the left represent the bovine 
genotype and bars on the right represent the feline genotype. 
j
Proteins that have not previously been 
identified in T. foetus. kTransmembrane helices were predicted using the TMHMM server (V2.0). All 
Table 2.1: Proteins varying four-fold or greater in abundance in total protein extracts of bovine versus 
feline Tritrichomonas foetus genotypes identified using two-dimensional gel electrophoresis (2DE) 
coupled with LC-MS/MS. 
No.a 
Transcriptome 
accession no.b 
Proteinc -10lgPd Coveragee Peptidesf 
Theoreticalg Observedh 
Mean 
normalised 
spot 
volume 
(V%)i 
pI MW pI MW 
Identified in bovine T. foetus  
       
 
71 
G10_comp7010
_c0_seq3 
Thioredoxin peroxidase jk  187.15 25% 12 8.89 31.98 5.91 24.16 
 
74 
Bc12_comp102
11_c0_seq1 
Peptidyl-prolyl cis-trans isomerase, 
FKBP-type family protein j 
97.12 14% 2 5.72 32.83 5.68 23.23 
 
80 
Bc12_comp981
2_c0_seq1 
Cytosolic heat shock protein 70, 
putative j 
101.28 8% 2 4.97 44.37 4.79 57.92 
 
81 
G10_comp9253
_c0_seq1 
NAD dependent 
epimerase/dehydratase family 
protein j 
137.41 37% 10 6.59 38.68 6.04 31.76 
 
82 
Bc12_comp100
05_c0_seq1 
ROK family protein j 236.03 54% 20 6.5 34.28 5.97 29.50 
 
83 
Bc12_comp102
11_c0_seq1 
Peptidyl-prolylcis-trans isomerase, 
FKBP-type family protein j 
236.88 55% 21 5.72 32.83 4.74 28.21 
 
84 
G10_comp6970
_c0_seq1 
Putative ribosomal protein L10 
[Histomonas meleagridis] j 
71.19 9% 2 6.75 34.15 6.53 27.09 
 
86 
Bc12_comp101
64_c0_seq1 
Centrin j  170.74 52% 9 
4.82 
(4.68) 
22.05 
(19.22) 
4.28 22.81 
 
87 
Bc12_comp101
39_c0_seq1 
EF hand family protein j 158.66 33% 2 9.02 24.01 5.79 22.77 
 
88 
Bc12_comp100
05_c0_seq1 
ROK family protein j  174.77 33% 8 6.5 34.28 4.82 18.84 
 
99 
G10_comp7010
_c0_seq3 
Thioredoxin peroxidase jk  172.62 25% 8 8.89 31.98 6.10 21.55 
 
70 A2DY01 Fructose-1,6-bisphosphate aldolase j (575) (23%) (9) (5.88) (36.24) 5.66 33.08 
 
95 A2ER26 Putative uncharacterised protein j (89) (2%) (2) (5.9) (93.16) 5.58 36.11 
 
Identified in feline T. foetus  
       
 
39 
G10_comp793
1_c0_seq1 
Coronin j  150.81 22% 8 5.99 54.26 5.92 38.90 
 
47 
G10_comp697
0_c0_seq1 
Putative ribosomal protein L10 j 
[Histomonas meleagridis] 
120.58 24% 5 6.75 34.15 5.90 32.44 
 
53 
G10_comp720
8_c0_seq1 
Phosphoglycerate mutase 
157.58 
(114) 
41% 
(11%) 
8 (2) 
6.54 
(7.75) 
29.55 
(28.25) 
5.73 26.57 
 
89 
G10_comp689
3_c0_seq7 
Cytosolic malate dehydrogenase 2 
[Tritrichomonas foetus] j 
124.48 19% 2 7.65 37.22 6.33 36.80 
 
90 
Bc12_comp77
72_c0_seq1 
Adaptor complexes medium subunit 
family protein j 
139.12 27% 8 5.55 52.28 5.72 32.36 
 
91 
G10_comp722
4_c0_seq1 
Hypothetical protein 
TVAG_109640 j 
216.01 84% 24 5.43 27.94 5.04 28.54 
 
92 
G10_comp722
4_c0_seq1 
Hypothetical protein 
TVAG_109640 j 
157.52 50% 8 5.43 27.94 5.90 27.39 
 
97 
G10_comp689
3_c0_seq5 
Cytosolic malate dehydrogenase 2 
[Tritrichomonas foetus] j 
133.58 24% 6 8.01 37.30 6.36 34.32 
 
98 
G10_comp813
3_c0_seq1 
Uncharacterised j 170.83 51% 13 7.11 27.05 6.32 26.86 
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differences in protein abundance returned a P-value < 0.05 using the student’s t-test). Unless otherwise 
stated the taxonomy of the protein listed is Trichomonas vaginalis. Data listed in brackets indicate 
proteins identified using the Ludwig database, searched using the mascot search engine. All other 
proteins listed were identified from the bovine and feline T. foetus annotated transcriptome using 
PEAKS software (Morin-Adeline et al., 2014). 
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A B 
  
Bovine genotype Feline genotype 
Figure 2.2: Representative 2DE spot maps of bovine (A) and feline (B) Tritrichomonas foetus confirming the highly conserved total cellular proteomes. Proteins 
(300 µg) were resolved in the first dimension by IEF (non-linear IPG, pH range 3-10), and the second dimension using 12.5% SDS-PAGE. The gels were stained 
with colloidal Coomassie and imaged in the near-infrared. Numbers listed represent top 50 most abundant protein spots identified in that genotype across six 
replicate 2DE gels; these are listed in Appendix 2.6.1. Spot number (black) refers to cysteine protease 7 (CP7) identified as the most expressed cysteine protease 
in feline T. foetus by Morin-Adeline et al. (2014). 
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The 50 most abundant spots from each T. foetus genotype (i.e. 100 spots in total) were subjected to 
LC-MS/MS and of these, 99 were identified (Figure 2.3 and Appendix 2.6.1). As noted above, 30 of 
the most highly abundant spots were identified in both genotypes, the most abundant being adhesin 
protein AP51-2, epimerase/dehydratase, fructose-1,6-biphosphate aldolase and 14-3-3 protein. 
Proteins involved in carbohydrate metabolism were highly represented within the proteomes of both T. 
foetus genotypes, confirming that glycolysis is a critical process in T. foetus biology. With respect to 
carbohydrate metabolism, fructose 1-6 bisphosphate, enolase, malate dehydrogenase and 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were all identified as being amongst the most 
abundant proteins involved in energy metabolism in both genotypes. A number of antioxidant proteins 
were also found to be amongst the top 50 as were variants of the key T. foetus virulence factor, CP8 
(spots 52, 54 and 55). Sixteen of the 20 protein spots (spots 2, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 
18, 19 and 20) with a mean normalised volume ratio of 1:1 were successfully identified from each 
genotype and confirmed to be the same protein indicating a high level of conservation between 
proteomes as well as confirming high reproducibility and resolution of the proteome analyses 
(Appendix 2.6.1). Heat shock cognate protein (spot 2) from feline T. foetus was identified from a 
signal peptide hit using both LudwigNR and the T. foetus translated transcriptome. The annotated 
MS/MS spectra and peptide sequence for this protein is included in Appendix 0. Peptides generated 
from the remaining four spots could not be matched to any peptides in the databases interrogated in 
this study and remain to be identified.  
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Figure 2.3: Top 50 most abundant proteins of bovine (A) and feline (B) Tritrichomonas foetus 
genotypes identified by two-dimensional gel electrophoresis (2DE)/LC-MS/MS based on the mean 
normalised spot volume. The graph highlights the large number of proteins common in the top 50 
highly abundant spots in both genotypes. Legumain, Clan CD, family C13, asparaginyl 
endopeptidase-like cysteine peptidase; PGM/PMM family protein, 
phosphoglucomutase/phosphomannomutase family protein; BPDS, bifunctional 
phosphopantothenoylcysteine decarboxylase/phosphopantothenate synthase; FKBP PPIase, peptidyl-
prolyl cis-trans isomerase, FKBP-type family protein. 
The -10logP (score) from Peaks and the equivalent Mascot data (given in brackets) of the identified 
proteins ranged from 26.5 (73.1) to 140.8 (619) and the protein coverage ranged from 4% (2%) to 70% 
(88%) (Table 2.1 and Appendix 2.6.1). Although 164 protein spots initially matched our criteria for 
analysis (as outlined in Section 2.2.5), a number of these matched more than one criterion. A total of 
127 protein spots were subjected to LC-MS/MS analysis (67 proteins from the bovine genotype and 60 
from the feline genotype). Of these, 92 closely matched the theoretical pI and MW of their database 
hits, while the remaining 35 protein spots were identified as likely having some form of post-
translational modification (PTM). Sixty-seven percent of the proteins identified in this study shared 
homology with the closely related trichomonad, T. vaginalis (85 of 127 proteins). In total, 57 proteins 
were identified for the first time in T. foetus (Figure 2.4, Table 2.1 and Appendix 2.6.1), substantially 
building upon the initial proteomic study carried out by Huang et al. (2013). 
In addition, the top 50 most abundant proteins identified by LC-MS/MS were annotated according 
to GO terms (Figure 2.5) (Ashburner et al., 2000).
 
The majority of terms relating to biological process, 
molecular function and cellular components were similarly represented between the bovine and feline 
genotypes, although a number of minor differences were evident. However, any such differences in 
GO categories between the two genotypes likely arose due to the parameters set for assigning GO 
terms. 
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Figure 2.4: Comparison of the number of (A) proteins identified and (B) the number of protein spots 
resolved in our current comparative study of bovine (BP-4) and feline (G10/1) Tritrichomonas foetus 
genotypes against the previously published bovine (KV-1) T. foetus proteome resolved by Huang et al. 
(2013). 
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Figure 2.5: Highest ranked GO categories of the proteins identified as the 50 most abundant spots in 
bovine and feline Tritrichomonas foetus genotypes reveal a high level of conservation across 
functional categories. The proteins of bovine and feline T. foetus genotypes were annotated with 
Gene Ontology terms under the categories for molecular function, cellular component and biological 
process. NOMERMN; nuclear outer membrane-endoplasmic reticulum membrane network. 
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 Detection of protease activity in total cellular protein extracts 2.3.4
Previous studies have highlighted the sequence variability within the CP gene family and have 
demonstrated this variation can be used diagnostically to successfully delineate T. foetus genotypes 
(Slapeta et al., 2012, Sun et al., 2012).
 
To uncover further evidence of divergence within this protease 
family at the protein level, as suggested by the CP8 variants identified, 2DE zymography was utilised 
to assess if differences in CP activity also exist. Although both genotypes displayed gelatinolytic 
activity, there were clear differences in both electrophoretic mobility (i.e. resolved MW and pI) and 
the level of enzyme activity between the genotypes (Figure 2.6A, B). Enzymatic activity in the bovine 
genotype was evident in the 10-25 kDa and 3-4.5 pI range of the resolved proteome (Figure 2.6A). By 
contrast, enzymatic activity in the feline genotype was evident in a higher molecular mass range, 15-
37 kDa, and within a broader pI range of 3.5-5 (Figure 2.6B). In an attempt to pinpoint specific 
differences, protein species were resolved using narrow range 3-6 IPG strips (Figure 2.6C, D). The 
‘resolved’ proteolytic activity was completely inhibited by 100 µM E-64, a specific inhibitor of clan 
CA CPs (also referred to as cathepsins), indicating that this activity was directly attributable to CPs 
(Figure 2.6E, F). Densitometry was used to quantitatively compare the relative protease activity of 
both genotypes and revealed three-fold higher CP activity against gelatin in the feline genotype 
compared with the bovine genotype (Figure 2.6G).  
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 Bovine genotype Feline genotype 
G 
 
Figure 2.6: Proteolytic activity of total cellular protein extracts of bovine and feline Tritrichomonas 
foetus genotypes. Representative two-dimensional gel electrophoresis (2DE) gelatin zymogram of 30 
µg of (A) bovine and (B) feline T. foetus total cellular proteins demonstrating the gelatinolytic activity 
profiles of each genotype. Proteins were separated in the first dimension by (isoelectric focusing) IEF 
using nonlinear pH 3-10 immobilised pH gradient (IPG) strips. Gelatinolytic activity of (C) bovine 
and (D) feline T. foetus total cellular proteins following separation using pH 3-6 IPG zoom strips. The 
gelatinolytic activity of (E) bovine and (F) feline T. foetus was completely inhibited when the samples 
were treated with 100 µM E-64. All samples were resolved by a 12.5% SDS-PAGE containing 0.2% 
gelatin copolymerized within the resolving matrix. (G) Densitometry analysis of the proteolytic 
activity of bovine and feline T. foetus genotypes. Values represent the mean ± S.E.M. of three 
independent experiments with triplicate technical replicates in each.  
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To directly compare the CP activities between genotypes, fluorogenic peptide substrates specific 
for cathepsin L (Z-Leu-Arg-AMC and Z-Phe-Arg-AMC) and cathepsin B activity (Z-Arg-Arg-AMC) 
were utilised. Whilst both genotypes efficiently cleaved all three substrates, the activity of the T. foetus 
feline genotype was on average 33% less than that of the bovine genotype, contrary to our findings 
using 2DE zymography. However, it is important to note that the two methods utilized for detecting 
enzymatic activity are fundamentally different. Both genotypes displayed highest activity against Z-
Leu-Arg-AMC followed by Z-Arg-Arg-AMC and Z-Phe-Arg-AMC (Figure 2.7). However, the 
activity of the bovine genotype was significantly greater against Z-Leu-Arg-AMC (~1.4-fold greater) 
and Z-Arg-Arg-AMC (~1.7-fold greater) than that of the feline genotype. 
 
Figure 2.7: Activity of total cellular extracts (25 ng per well) of bovine and feline genotypes against 
specific cysteine protease (CP) fluorogenic substrates: Z-RR-AMC (Z-Arg-Arg-AMC); Z-LR-AMC 
(Z-Leu-Arg-AMC); and Z-FR-AMC (Z-Phe-Arg-AMC). Values represent the mean ±S.E.M. of three 
independent experiments with triplicate technical replicates in each. Statistically significant 
differences between the means were assessed using one-way analysis of variance (ANOVA) with the 
post-hoc Bonferroni method*P-value < 0.05. 
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 DISCUSSION 2.4
Tritrichomonas foetus is a fascinating parasite, both in terms of host range and organ tropism. As a 
model system, it thus provides a remarkable opportunity to investigate the molecular determinants that 
underpin the basis of host/tissue specificity. Both the bovine and feline genotypes are obligate 
parasites and occupy very different environmental niches within their respective hosts. Whilst it is 
logical to expect that the overall infection process is likely to be similar for the two, it was 
hypothesised that given the fundamentally different microenvironments they encounter, there are also 
likely to be a number of defining biological differences. However, the recent analysis of the bovine 
and feline T. foetus transcriptomes provided little evidence of host-specific adaptation (Morin-Adeline 
et al., 2014). 
Here the previous findings of Huang et al.
 
(2013) are built upon and provides, to our knowledge, 
the first quantitative comparative proteomic analysis of bovine and feline T. foetus genotypes. 
Although there was a lack of overlap between this current proteomic analysis and the proteome 
resolved by Huang et al. (2013) it is not surprising. It is well documented that despite the technical 
advances that have increased the robustness of 2DE workflows, reproducibility of this multiplexed 
technique is problematic (Posch et al., 2013, Lelong and Rabilloud, 2015). Variation between gels 
have been attributed to either sample-variation and/or technical-variation (Valcu and Valcu, 2007). 
Given a number of variables were present between these two protocols (Table 2.2), it is expected that 
there should be a variation between proteome datasets. We were not seeking to perform a direct 
comparision between the proteome of Huang et al. (2013), but rather expand the knowledge of T. 
foetus.  
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Table 2.2: Comparison of the two-dimensional gel electrophoresis procedures used to resolve the 
proteomes of Tritrichomonas foetus   
Variable Huang et al. 2013 Stroud et al. 2017 
pH of culturing media  pH 5.2 pH 7.2 
Lysis buffer  8 M urea, 4% CHAPS 20 mM HEPES 
Lysis method Sonication Sonication and freeze-thaw 
Protein concentration 250 µg 300 µg 
IPG strip pH 4-7 pH 3-10 
Reducing agent   45 mM of dithiothreitol and 
2.3 mM tributylphosphine 
Alkylating agent   230 mM of acrylamide 
Total monomer concentration 15% 12.5% 
Protein stain  Silver-stain Colloidal Coomassie 
Image analysis software PhoretixTM 2D Delta2D (V4.0) 
Mass spectrometer Ultraflex MALDI-TOF  
(Bruker Daltonic) 
QSTAR Elite hybrid Q-TOF 
(Applied Biosystems, Sciex) 
Protein database  In-house T. foetus (KV-1) 
EST database  
In-house T. foetus (BP-4 & 
G10/1) EST database 
Search engine  MASCOT Peaks (V7.0) 
 
This analysis reveals that their proteomes are almost identical when cultured axenically, with very 
few differences evident in terms of resolved protein species (Figure 2.1). Proteins identified as being 
more abundant in one genotype versus the other could be categorised as being involved in metabolism, 
stress response, protein folding and morphogenesis (Table 2.1). This finding is in keeping with similar 
protozoan comparative proteomic studies investigating the molecular basis of differing pathogenicity 
(Cuervo et al., 2008, Matrangolo et al., 2013). In fact, ~75% of the top 10 most abundant proteins were 
common to both genotypes, and of comparable pI and MW, suggesting a high level of conservation, 
which was further confirmed when the proteins were annotated according to their GO functional 
categories (Figure 2.5).  
Within their respective host niches, both genotypes have to contend with dynamic and hostile 
environments. A number of proteins involved in the stress response were identified including 
thioredoxin peroxidase, which is responsible for protecting the parasite against damage induced by 
reactive oxygen species (ROS) (Coombs et al., 2004). In Trypanosoma cruzi, this enzyme, termed 
tryparedoxin peroxidase, is used to evade the oxidative burst of host macrophages, highlighting its role 
in virulence (Nogueira et al., 2009). Although this protein was only identified in the proteome of the 
bovine genotype, perhaps as the environment of the urogenital tract (pH 7.4 to 7.8 versus 5.3 to 6.6 in 
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the lower digestive tract) is closer to the pH optimum of this peroxidase (pH 8.0 to 9.0), it is also 
worth noting that both genotypes expressed the antioxidant enzyme superoxide dismutase, species of 
which are tolerant of a broader pH range (6.0 to 9.0) (Arias et al., 2013). 
Another virulence-associated protein identified was 14-3-3, which was amongst the most highly 
expressed proteins in both genotypes. 14-3-3 proteins are ubiquitously expressed by all eukaryotic 
cells including parasites, with roles in signal transduction related to processes such as proliferation, 
apoptosis, migration and morphological changes (Sluchanko and Gusev, 2010). While the functional 
role of 14-3-3 in T. foetus is currently unknown, in the intracellular protozoan parasite Toxoplasma 
gondii, Tg14-3-3 is responsible for inducing a hyper-migratory phenotype in its host cell ultimately 
aiding dissemination of the parasite (Weidner et al., 2016).
 
In contrast, in Plasmodium berghei 
infections, Pb14-3-3 is involved in remodelling of the red blood cell cytoskeleton, again highlighting 
the manipulative nature of parasites in adapting their microenvironment to suit their purpose (Lalle et 
al., 2011). 
Another interesting finding was the identification of a peptidyl-prolyl cis/trans isomerase (PPIase), 
in the bovine genotype. PPIases (EC 5.2.1.8) belong to the FKBP-type family of proteins, comprising 
three distinct families, termed the cyclophilins, the FK-506 binding proteins (FKBPs) and the 
parvulins (for review see Unal and Steinert, 2014). In contrast to the other PPIases, very little is known 
about the specific role of the FKBP-type family proteins in protozoan parasites. Of the protozoan 
PPIases identified to date, Marsolier et al. (2015)
 
recently demonstrated the role of Theileria annulata 
TaPIN1. This secreted protein is responsible for hijacking host cell signalling and the induction of host 
cell transformation to the benefit of the parasite. In T. vaginalis, TvCyclophilin 1 has been 
demonstrated to play a key role in regulating the nuclear localisation of the Myb1 transcription factor 
leading to the transcription of the key adhesin protein AP65 (Hsu et al., 2014, Jiang et al., 2011).
 
Although this class of PPIase was only identified in bovine T. foetus, the recent transcriptomic 
analysis of T. foetus genotypes suggested a total of 445 and 461 Myb domain containing proteins in 
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the bovine and feline genotypes, respectively, likely suggestive of a critical role for PPIases in T. 
foetus (Morin-Adeline et al., 2014). 
The proteomes of eukaryotic organisms are vastly more diverse than their genomes suggest. Two 
major contributing factors to this diversity are splicing of mRNA at the transcriptional level and PTMs 
(i.e. phosphorylation, glycosylation, proteolytic cleavage, and so forth). Thus, the difficulty of 
integrating high-throughput transcriptomic data with proteomic data is well-documented (Haider and 
Pal, 2013, Vogel and Marcotte, 2012, Kumar et al., 2016).
 
Of those protein spots found to be 
differentially abundant between genotypes, approximately one-third were identified with pIs and/or 
MWs differing substantially from the theoretical values in the databases; these thus most likely 
represent particular proteoforms with specific PTMs (Smith et al., 2013). PTMs can affect the 
biochemical properties of proteins, including modulation of their function, localisation and ability to 
interact with other macromolecules (i.e. protein-protein, protein-lipid, protein-nucleic acid 
interactions) (Jensen, 2004).
 
A comparison of the 50 most highly expressed genes identified in our 
transcriptomic analysis with the 50 most abundant proteins identified here reveals a poor correlation 
between T. foetus mRNA content and translated protein levels. Of the top 50 proteins identified, only 
26% to 28% were found to be amongst the most highly abundant mRNA transcripts of the bovine and 
feline genotypes, respectively. The explanation for this discrepancy could simply be attributed to 
sample variations introduced during the isolation procedure. Parasites may have been isolated at 
different stages of the growth curve for the transcriptome and proteome, which could influence gene 
expression.  Alternatively, this could be indicative of additional layers of gene regulation, further 
highlighting the importance of studying the proteome and not just the transcriptome in isolation. The 
ability of T. foetus parasites to survive and escape the immune response requires the parasite to be able 
to quickly adapt and counter host effector molecules (Doerig et al., 2015). The addition/removal of 
PTM would allow for the dynamic regulation of proteins rather than relying solely on the transcription 
and translation of genes for parasite survival (Doerig et al., 2015, Figueroa-Angulo et al., 2012). The 
extent to which these PTMs occur in T. foetus is largely unexplored and is currently under 
investigation in our laboratory. In order to validate this variation between the proteome and 
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transcriptome, relative mRNA expression of the more abundant proteins could be assessed using 
reverse transcriptase quantitative PCR (RT-qPCR). RT-qPCR was shown to correlate with proteomic 
data in a study comparing the surface proteomes of T. vaginalis isolates with varying host-cell 
adherence capacities (de Miguel et al., 2010). Five of the eleven more abundant proteins 
(TVAG_166850, hypothetical protein; TVAG_244130, hypothetical protein; TVAG_020780, Ser/Thr 
protein phosphatase family protein; TVAG_110300, hypothetical protein; TVAG_147050, 
hypothetical protein) identified in highly adherent isolates were selected for RT-qPCR and following 
the RT-qPCR were confirmed to be up-regulated in highly adherent isolates (de Miguel et al., 2010). 
Given that RT-qPCR is less laborious and less expensive than quantitative proteomics, this technique 
could also be applied to other isolates within the same genotype to confirm the differential abundance 
is due to genotypic variation. 
The attachment of T. foetus to host cells is a prerequisite for establishing infection. Integral to this 
process is the ability of the parasite to remodel its cytoskeleton from a “pear shaped” trophozoite to an 
“amoeboid shaped” trophozoite once binding to host cells such as laminin or fibronectin (Petropolis et 
al., 2008). Two cytoskeletal-associated proteins with potential involvement in this process, coronin 
(feline genotype) and centrin (bovine genotype), were identified as being differentially abundant 
(Table 2.1). Overexpression of coronin in T. vaginalis has been demonstrated to provide the parasite 
with a greater ability to undergo morphological transformation (Bricheux et al., 2000, Jesus et al., 
2004).
 
In this regard, while the data indicate that coronin was more abundant in the feline genotype, its 
overall abundance was relatively similar, being the 13
th
 and 10
th
 most abundant protein identified in 
the bovine and feline genotypes, respectively (Figure 2.3 and Appendix 2.6.1). This likely indicates a 
critical role for coronin in both genotypes; the significance of the difference in amount of protein 
remains to be determined but may be accounted for by what appears to be an additional coronin 
proteoform in the feline genotype (Table 2.1) and the importance of this in terms of tropism is thus 
worthy of investigation. In contrast, centrin was found to be substantially more abundant in the bovine 
genotype (Table 2.1). Interestingly, a gene knockout study of Leishmania donovani demonstrated that 
deleting centrin resulted in parasites that were unable to proliferate, likely due to the critical role for 
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these calcium-binding phosphoproteins in microtubule cleavage and the positioning and segregation of 
centrosomes. These parasites were subsequently used as a live-attenuated vaccine, which was 
successful in protecting dogs against infection, further highlighting the importance of this protein to 
parasite biology (Fiuza et al., 2015).
 
The significant difference in abundance of centrin between the 
bovine and feline phenotypes would thus seem indicative of a critical differentiating role in tropism 
that also warrents detailed investigation.  
The recent study highlighting the existence of sequence divergence within the CP gene family 
suggested that genes directly involved in host-parasite interaction had diverged to the greatest extent 
(Slapeta et al., 2012). In the current study an aminopeptidase P-like metallopeptidase, CP7, CP8, and a 
dipeptidylpeptidase III-like metallopeptidase were found in high abundance, as well as evidence of 
variants of some of these enzymes. Together, these findings led us to question whether these 
differences would also translate to broad quantitative differences in enzyme activity that might be 
related to host-specific adaptation. Clan CA CPs are classically synthesized as inactive zymogens in 
which the N-terminal propeptide of the enzyme binds to its own substrate cleft regulating catalytic 
activity (for review see Stack et al., 2011). Activation of these proteases requires the removal of the 
prosegment to produce an active mature enzyme. This can occur either via autocatalytic processing or 
through the action of another processing enzyme. DTT was included in our fluorogenic assays to 
facilitate autoactivation and by applying this methodology clear differences between the levels of 
activity of both genotypes were identified. The use of protease-specific fluorogenic substrates is 
recognised as the most appropriate method for determining net enzymatic activity of protein extracts 
(Vandooren et al., 2013). Trichomonad CPs have several well-defined functions that are essential to 
host-parasite interaction (Bastida-Corcuera et al., 2000, Burgess and McDonald, 1992, Lucas et al., 
2008, Sommer et al., 2005, Thomford et al., 1996). Previous studies have highlighted the host-cell 
specificity and cytotoxicity of T. vaginalis CP30 on human vaginal epithelial cells (HVECs) and T. 
foetus CP8 on bovine uterine epithelial cells. However, when these enzymes were incubated with their 
non-host equivalent cells they failed to induce the same levels of cellular destruction (Singh et al., 
2005, Sommer et al., 2005). Our finding that both genotypes display differing CP activities may 
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represent an important host-adapted phenotype and may have important implications for cross-
infection between hosts. 
At first glance the results of our 2DE zymography and fluorogenic assays appear contradictory, 
however, it is important to note that the two methods are distinct and enable a comparative analysis of 
the enzymatic characteristics of samples. In contrast to our fluorogenic assays, 2DE gelatin 
zymography required the inclusion and subsequent removal of SDS following electrophoresis as well 
as an additional refolding step. However, not all proteins can be successfully refolded and thus some 
enzymatic activity will inevitably be lost using this technique. Furthermore, the inclusion of SDS can 
unfold the propeptide of inactive zymogens resulting in artificially activated proteases. This activity 
does not represent the “true native enzymatic activity” as the propeptide of the enzyme remains 
attached (Vandooren et al., 2013). However, the fact that the gelatinolytic activity of the bovine 
genotype was more affected by the 2DE zymography protocol than that of the feline genotype is 
important as it does reiterate that there are biochemical differences between the two genotypes. This 
may in some part be attributable to the host niche occupied by each genotype given that it has been 
previously demonstrated that the bovine genotype was also more susceptible to mild acid stress, which 
would also affect the structure of proteins and protein complexes (Morin-Adeline et al., 2015a).
 
Clearly, to be active in the gastrointestinal tract, protein and enzymes of the feline genotype would 
need to be physically stable at a lower pH (pH 5.3 to 6.6) (Morin-Adeline et al., 2015a). 
Comparative proteomic studies on intra-species variation of a number of protozoan parasites of 
differing host origin have yielded similar results to ours, suggesting that intra-species variation is 
perhaps governed by differences in a small repertoire of proteins, including the CPs (Zhou et al., 
2013).
 
Interestingly, a study of T. vaginalis isolates displaying high and low-virulence phenotypes 
were also found to differ in their CP activity profiles (De Jesus et al., 2009). While the exact biological 
significance of the difference in CP activities in T. foetus genotypes identified here is unknown, 
previous studies using E-64 have shown the importance of both cytosolic and secreted CP activity to 
the pathogenesis of T. foetus (Lucas et al., 2008, Tolbert et al., 2014).
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The recent analysis of annotated transcriptomes of T. foetus bovine and feline genotypes revealed 
that CP8 was the preferentially transcribed CP in the bovine genotype. In contrast, CP7 was the 
highest transcribed CP in the feline genotype (Morin-Adeline et al., 2014). Although CP7 was 
identified in the feline genotype (spot 66), it was not the most abundant CP and was not found to be 
amongst the top 50 most abundant spots. CP8 was identified as being the most abundant CP in whole 
cell lysates of both genotypes. Although CP7 and CP8 share a high level of amino acid sequence 
similarity (78% identity in the mature active domain) the peptides identified by LC-MS/MS were 
specific to each protease (Mallinson et al., 1995). As CPs are actively released by T. foetus parasites 
into the external host milieu, it is possible that the differences in the CP activities uncovered could also 
contribute to the slightly varied pathologies described during experimental cross-infection studies and 
ultimately host-specificity (Stockdale et al., 2007, Stockdale et al., 2008). 
 CONCLUSION 2.5
This study represents the largest proteome dataset available for T. foetus to date and provides an 
important step toward a better understanding of T. foetus biology. While our study specifically focused 
on the proteomes of both genotypes, and identified selective differences that may in part account for 
host/organ tropism, our results also suggest that both genotypes have adapted their enzymatic 
capacities to enable better colonization of their respective host niches. It is proposed that the sequence 
divergence within the virulence-associated CP gene family has been an important step in the 
adaptation of T. foetus to a wider host range, and that additional alterations in terms of protein species 
and their abundance may further fine-tune the adaptation of the resulting genotypes to their unique 
environmental niches. 
There are still tremendous gaps in our knowledge in terms of the mechanisms that underpin how 
these genotypes interact with their natural hosts. The identification of proteins involved in host-
specific adaptation could be instrumental to tailoring intervention strategies specific to each genotype. 
However, such experimental studies have been hampered by the expense as well as the ethical issues 
associated with such an undertaking. In order to validate our findings as truly unique to the respective 
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genotype and not due to intrastrain variation, further analysis must be performed on other isolates from 
within the bovine and feline genotype. In the absence of these studies our data represent the most 
comprehensive understanding of the inner workings of T. foetus parasites. The fact that both genotypes 
display near identical proteomes strongly suggests the existence of common biological mechanisms in 
axenic culture. Further functional analysis of the proteins identified in this study may lead to the 
identification of proteoforms essential to virulence as well as the development of new control 
strategies, targeting both genotypes simultaneously or individually.  
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 APPENDIX 2.6
 Proteins identified by LC-MS/MS following two-dimensional gel 2.6.1
electrophoresis of the total cellular protein of bovine and feline 
Tritrichomonas foetus genotypes. 
https://www.dropbox.com/s/oapmres5u39q0gu/Appendix%202.6.1.xlsx?dl=0 
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 Annotated MS/MS spectrum of heat shock cognate protein (spot two) 2.6.2
from feline Tritrichomonas foetus total cellular protein identified using a 
single peptide. (A) The single peptide data used to identify the protein 
was generated using Mascot Matrix Science searched against LudwigNR 
database. (B) Graphical representation of the annotated MS/MS 
spectrum highlights the assigned b-ions and y-ions. The b-ions (from 
right to left) are highlighted blue, while the y-ions (from left to right) are 
highlighted red. Annotated MS/MS spectrum was generated in Peaks 
(V7.0). 
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 INTRODUCTION  3.1
Protozoa inhabit a wide array of ecological niches; for those inhabiting a host, some form parasitic 
relationships while others exist in a commensal relationship (Wenrich, 1935). The key difference 
between these relationships is parasitism damages its host, while in commensalism the organism does 
not damage the host (Casadevall and Pirofski, 2000, Méthot and Alizon, 2014). Understandably, the 
majority of protozoan research to date has focused on those that parasitise their hosts causing 
morbidity or even mortality (Sacks and Sher, 2002).  
However, the lack of research extending to non-pathogenic protozoa can be considered an untapped 
resource for studying the pathogenicity of protozoa and its relationships with the host. Despite the 
ability of non-pathogenic (commensal) protozoa to adhere to host cells and replicate within a host, the 
interaction of these protozoa with their hosts does not result in any known host damage and disease 
(Casadevall and Pirofski, 2000). Previous comparative analysis of non-pathogenic Entamoeba dispar, 
with pathogenic Entamoeba histolytica has provided biological insight into molecules 
governing/defining pathogenicity (Diamond and Clark, 1993, Davis et al., 2006, Davis et al., 2009, 
Choi et al., 2005, Petri et al., 2002, Bruchhaus et al., 1996). Therefore, utilising commensal protozoa 
as a baseline against phylogenetically similar parasitic protozoa could lead to the identification of 
specific virulence factors, which confer pathogenicity and therefore serve to delineate pathogens from 
commensals (Casadevall and Pirofski, 2001).  
Within the phylum Parabasalia, trichomonads constitute a group of anaerobic protozoan flagellates, 
represented by both parasitic and commensal protozoa (Adl et al., 2012). Previous transcriptional 
analysis comparing cDNA libraries of a commensal protozoa, Trichomonas tenax, which colonises the 
human oral cavity with T. vaginalis, identified an up-regulation of genes encoding virulence proteins 
(specifically AP65 (malic enzyme), glyceraldehyde-3-phosphate dehydrogenase) and cytoskeletal 
rearrangement proteins (fibronectin-like protein) (Kucknoor et al., 2009). This analysis identified 
differential expression of molecules involved in T. vaginalis pathogenicity, therefore, it is likely that 
similar comparative analysis may shed some light on the enigma surrounding T. foetus genotypes and 
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their host range. Initially T. foetus (also known as Tritrichomonas suis) was identified as a commensal 
in the nasal cavity, stomach and cecum of pigs, producing no clinical signs of infection (Hammond 
and Leidl, 1957, Hibler et al., 1960, Slapeta et al., 2012, Tachezy et al., 2002). Interestingly, 
multilocus genotyping of the 16S subunit, the internal transcribed spacer (ITS) region, malate 
dehydrogenase 1 and seven cysteine protease (CP) gene sequences (TfCP2, TfCP4, TfCP5, TfCP6, 
TfCP7, TfCP8, TfCP9) of porcine isolates confirmed these to be the same genotype as the bovine T. 
foetus isolate (Lun et al., 2005, Slapeta et al., 2012, Tachezy et al., 2002, Mueller et al., 2015). To 
further complicate matters, a pathogenic T. foetus ‘feline genotype’ has been identified in the last 
decade, which colonises a cat’s lower digestive tract and is the causative agent of chronic diarrhoea 
(Levy et al., 2003). Intriguingly, although these isolates are classed as the same species, they all differ 
in their host range and mode of transmission. Infection studies have demonstrated that porcine isolates 
are capable of inducing infection and are thus parasitic when experimentally infected into the 
urogenital tract of a cow (Fitzgerald et al., 1958b). Similarly, bovine and feline isolates have also been 
shown to infect their unnatural feline and bovine host niche, respectively, albeit with differing 
pathologies (Stockdale et al., 2007, Stockdale et al., 2008). However, there have been no reports of a 
natural cross-transmission of T. foetus, even in cases where T. foetus heavily colonised pigs are farmed 
in close proximity to cattle (Mueller et al., 2015). This suggests there is either a physiological barrier 
or molecules present or absent in the parasite that prevents the cross-transmission between hosts. This 
could simply be the physical barrier that exists between a cow/bulls urogenital tract and the pig’s nasal 
cavity and gastrointestinal tract. However, whether this unique host/tissue tropism results from a 
physical barrier between different hosts, host factors or virulence factors specific to each T. foetus 
isolate is yet to be elucidated. 
Differentiating between the porcine commensal isolate and the bovine and feline parasitic isolates 
may aid in the identification of key molecules contributing to parasitism and help define the 
relationship between the isolates. Previously, transcriptomic analysis has been performed to 
comparatively analyse transcriptomes of the three T. foetus isolates (Morin-Adeline et al., 2015b, 
Morin-Adeline et al., 2014). However, the analysis only concluded a degree of similarity exists 
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between all three isolates (Morin-Adeline et al., 2015b), which is not unusual nor surprising given all 
three T. foetus isolates are part of the one species. However, it has been hypothesised that the unique 
host tropism of these T. foetus isolates may well be determined during the events that occur post-
transcription (Morin-Adeline et al., 2015a, Morin-Adeline et al., 2015b).  
Proteomics is one of the few methods that captures the biological phenotypes of organisms and has 
been successful at delineating closely related high-virulent and low-virulent strains of T. vaginalis 
(FMV-1 and FF28JT-Rio), E. histolytica (pathogenic HM-1:IMSS and non-pathogenic Rahman or E. 
dispar) and Giardia duodenalis (virulent B-2041 and less virulent H-106) (Cuervo et al., 2008, Davis 
et al., 2006, Emery et al., 2014, Davis et al., 2009). Currently gel-based and gel-free (shotgun) 
proteomics are the two main methods utilised to perform quantitative proteomics (Barrett et al., 2000). 
Chapter 2 of this thesis employed a gel-based comparative proteomic analysis to identify differences 
between bovine and feline T. foetus parasitic isolates. As outlined in this chapter, two-dimensional 
electrophoresis (2DE) is considered the most efficient/robust method to perform comparative 
proteomic analysis. The most valuable aspect of this method is its ‘top-down’ approach, where intact 
proteins are analysed, rather. This method distinguishes between protein proteoforms produced from 
events such as alternative splicing, sequence polymorphisms, proteolysis and post-translational 
modifications (PTMs) (Smith et al., 2013). However, as with many techniques there are limitations to 
a given technique. In the case of 2DE, these include poor reproducibility between gels, low sensitivity 
of detection, particularly proteins at low concentrations and hydrophobic membrane proteins, limited 
sample capacity, and low linear range of visualisation procedures (Rabilloud, 2009, Wang et al., 2009, 
Wilkins et al., 1998, Petrak et al., 2008). In addition, this technique is time consuming and labour 
intensive due to its lack of amenability to automation (Magdeldin et al., 2014). 
Over the last two decades the improvements in the resolution of mass spectrometers have produced 
gel-free analytical platforms that are both powerful, less-laborious and now regularly utilised to 
characterise complex proteomes (Walther and Mann, 2010, Cravatt et al., 2007). Gel-free platforms, 
termed ‘bottom-up’, involve the digestion of proteins into peptides or peptide fragments, subsequent 
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fractionation using liquid chromatography and analysis by tandem MS (MS/MS) (Wisniewski et al., 
2009, Cravatt et al., 2007, Yates, 2013). By combining multi-dimensional liquid chromatography-
tandem mass spectrometry (LC/MS-MS) with database searches, shotgun proteomic platforms enable 
the identification of diverse proteins from a dynamic range (Zhang et al., 2013). Moreover, subsequent 
rigorous statistical analysis of protein spectral counts results in quality quantitative data that can then 
be utilised to compare isolates (Dowle et al., 2016, Neilson et al., 2011). A number of quantitative 
proteomic analysis using label-free spectral counting has been performed on protozoa, including 
Giardia duodenalis, Trypanosome cruzi and T. vaginalis and have contributed to characterising the 
biology of these parasites (Emery et al., 2014, Brunoro et al., 2015, de Miguel et al., 2010). 
As mentioned in Chapter 2, very little proteomic analysis has been performed on T. foetus. In fact, 
apart from the small proteome analysis of a bovine isolate (Huang et al., 2013), the majority of 
proteomic analysis of T. foetus has been performed in this thesis. To our knowledge, no shotgun 
comparative proteomics of T. foetus has previously been performed. Therefore, the aim of this chapter 
was to provide a basal proteome of the three different T. foetus isolates using shotgun proteomics to 
delineate between these host-specific isolates and identify factors driving their host/organ tropism, 
parasitic relationship and their relationship to each other. This study compares the total cellular 
proteomes of two parasitic host-specific isolates with a commensal porcine host-specific isolate using 
shotgun proteomics and identifies a conserved proteome across all three T. foetus isolates. Moreover, 
this study highlights the need for both gel-based and gel-free proteomics when performing 
comparative proteomic analysis on complex protein samples.   
 MATERIALS AND METHODS 3.2
The following methods have been described previously: Section 2.2.2, Parasite culture conditions; 
Section, 2.2.3 Collection and preparation of total protein fraction; Section 2.2.9, Gene Ontology 
information and functional annotation; Section 2.2.10.2 Fluorogenic analysis. 
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 Parasite culture conditions  3.2.1
Three T. foetus isolates were used in this study. Two isolates were the same as those specified in 
Section 2.2.2 (bovine T. foetus BP-4 and feline T. foetus G10/1). The other T. foetus isolate porcine T. 
foetus PIG30/1 was isolated from pig faeces at a farm in Australia at a location where bovine 
trichomoniasis has not been reported for over 30 years (Mueller et al., 2015). All isolates were 
cultured according to the conditions specified in Section 2.2.2. 
 Collection and preparation of total protein fraction 3.2.2
Axenic bovine (BP-4), feline (G10/1) and porcine (PIG30/1) T. foetus cultures were harvested and 
the proteins extracted and subsequently precipitated with 10% trichloroacetic acid (TCA) according to 
the protocol specified in Section 2.2.3.  
  Filter-aided sample preparation protein digestion  3.2.3
Following TCA precipitation, the protein pellets were suspended in 200 µL of 50% (v/v) 2,2,2-
trifluoroethanol (TFE), 100 mM ammonium bicarbonate and reduced with 50 mM dithiothreitol 
(DTT) for 5 min at 75˚C. Following reduction, the pellets were solubilised at 50˚C for 45 min with 
sonication. Solubilised protein samples were then digested in-solution using the filter-aided sample 
preparation method (FASP) (Wisniewski et al., 2009, Manza et al., 2005). Solutions were added to a 
30 kDa Amicon ultrafiltration device (Merck-Millipore, Billerica, MA) and centrifuged at 14,000 × g 
until the retentate was less than 20 µL. Reduced disulfides were alkylated in 100 µL 50% TFE 
containing 100 mM ammonium bicarbonate and 0.5 M iodoacetamide in the dark for 1 h, then 
centrifuged at 14,000 × g until the retentate was less than 20 µL. Proteins were washed five times in 
200 µL 50% TFE with 100 mM ammonium bicarbonate and centrifuged (14,000 × g until the retentate 
was less than 20 µL) after each wash, while discarding the flow-through where necessary. Reduced 
and alkylated protein samples underwent in-solution digestion using endoproteinase Lysine-C (Lys-C). 
Digestion was performed overnight at 30˚C with 0.1 µg µL-1 Lys-C (final concentration) in 50 µL of 
50% TFE containing 100 mM ammonium bicarbonate. Following digestion with Lys-C, samples were 
diluted with 350 µL 20% acetonitrile (ACN) containing 50 mM ammonium bicarbonate and digested 
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with 0.01 µg µL
-1
 trypsin (final concentration) for 2 h at 37˚C. Peptides resulting from digestions were 
centrifuged into fresh centrifuge tubes at 14 000 × g until the retentate was less than 20 µL, then 
further extracted twice with 150 µL of 50% ACN containing 2% formic acid, and centrifuged as 
above. Each extract was dried using a vacuum centrifuge and reconstituted to 80 µL with 2% formic 
acid and 2% TFE. The peptide concentration was determined using a micro BCA assay (Thermo 
Fisher Scientific, Waltham, MA) according to the manufacturer’s specifications. Peptides were stored 
at -20˚C until use. 
 Peptide pre-fractionation 3.2.4
Peptide samples were pre-fractionated using in-house prepared styrene divinyl benzene (SDB) 
reverse phase-stage tips (Empore, Eagan MN) (Rappsilber et al., 2007). First, 30 µg of peptides were 
suspended in a final volume of 220 µl 1% trifluoroacetic acid (TFA) and loaded in the top of the stage 
tip that had been placed in a collection tube. The stage-tip was then centrifuged at 2,000 × g until the 
solution had passed through the stage tip. The stage tip was then washed with 0.2% TFA and 
centrifuged as described above. The peptide samples were then fractionated into four fractions by 
eluting the peptides into fresh separate vials using the following solutions; (i) 120 µL of 150 mM 
ammonium formate containing 50% ACN and 0.5% formic acid, followed by (ii) 120 µL 200 mM 
ammonium formate containing 60% ACN and 0.5% formic acid (FA), (iii) 120 µL 200 mM 
ammonium acetate containing 60% ACN and 0.5% FA and (iv) 120 µL 5% ammonium hydroxide 
containing 80% ACN and 0.5% FA. The elutions were then dried using a Speedivac and reconstituted 
in 20 µL of 1% TFA. 
 Nanoflow LC-MS/MS  3.2.5
Samples (5 µg) were loaded onto an EASY-nLC1000 system (Thermo Fisher Scientific, Waltham, 
MA). Reversed-phase chromatographic separation was carried out on a 75 μm i.d. × 100 mm, C18 
HALO column, 2.7 µm bead size, 160 Å pore size. A linear gradient of 1-50% solvent B (99.9% 
ACN/0.1% FA) was run over 80 min. The peptides were then eluted to the ion source of a Q Exactive 
Orbitrap mass spectrometer (Thermo Fisher Scientific, Waltham, MA). The mass spectrometer was 
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operated in the data-dependent mode to automatically switch between Orbitrap MS and ion trap 
MS/MS acquisition. Survey full scan MS spectra (from m/z 350 to 2000) were acquired with a 
resolution of 35,000 at m/z 400 and an AGC (Automatic Gain Control) target value of 1 × 106 ions. 
The ten most abundant ions were sequentially subjected to higher energy collisional dissociation 
(HCD) fragmentation. HCD normalised collision energy was set to 30% and fragmentation ions were 
detected in the Orbitrap at a resolution of 17,500 with an AGC target of 2 × 10
5
 ions. Target ions that 
had been selected for MS/MS were dynamically excluded for 10 s. For accurate mass measurement, 
the lock mass option was enabled using the poly dimethyl cyclosiloxane ion (m/z 445.12003) as an 
internal calibrant. The mass spectrometry data files have been deposited to the Western Sydney 
University Data repository and can be accessed using the following link: 
http://rds.uws.edu.au/Schools/SSH/2016/LeahStroud/MS_Data_Spectral_Counting_Total_Protein/ 
 Database search for protein/peptide identification 3.2.6
The raw data from the Q exactive orbitrap was converted to mzXML files using Proteome 
Discoverer (V1.3) (Thermo Fisher Scientific, Waltham, MA) and subsequently searched against the 
annotated transcriptomes of T. foetus bovine (BP-4) and feline (G10/1) and T. foetus (PIG30/1) using 
PEAKS Studio (V7.5) (Bioinformatics solutions Inc., Waterloo, Ontario Canada). The four fractions 
of each independent biological replicate were processed together to produce a nonredundant output 
file for protein identifications using the following parameters; parent mass error tolerance ± 10 ppm 
fragment mass error tolerance 0.1 Da, maximum of three missed cleavages and carbamidomethylation 
of cysteine was set as a fixed modification and oxidation of methionine, deamidation of asparagine 
and glutamine and propionamide were set as variable modifications. Data was filtered to only include 
results with a peptide false discovery rate (FDR) of ≤ 1% and -10logP values ≥ 20. The FDR was 
calculated using a target-decoy method, whereby a similar size decoy database is concatenated to the 
target database and the FDR is then calculated as the ratio between the number of decoy hits and the 
number of target hits above the score threshold.  
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 Data processing and quantitation 3.2.7
The lists of proteins generated from PEAKS Studio (V7.5) (Bioinformatics Solution Inc.) across 
the three independent biological replicates of each genotype underwent further processing using the 
software package Scrappy, where the data was stringently filtered to only include proteins that were 
consistently present across all three independent biological replicates, with a total spectral count (SpC) 
of 5 (Neilson et al., 2013). Protein abundance was calculated using normalised spectral abundance 
factors (NSAF), which measures relative abundance (Zybailov et al., 2006). Calculations of the NASF 
are performed by dividing the SpC (the total number of MS/MS spectra) by the protein length (Ɩ) and 
then normalised by dividing this value by the sum of all SpC/Ɩ for all proteins identified in a complex 
mixture (Zybailov et al., 2007). To ensure null values were considered a spectral fraction of 0.5 was 
added to all SpCs to allow log-transformation of the NSAF before undergoing statistical analysis 
(Zybailov et al., 2006). 
 Statistical analysis of differentially abundant proteins 3.2.8
To identify differentially abundant proteins a student’s t-test was performed against each T. foetus 
isolate (i.e. bovine isolate versus porcine isolate, feline isolate versus porcine isolate and bovine 
isolate versus feline isolate) using Spectral Counting Reporting Analysis Program (Scrappy; a 
software program designed to statistically analyse differentially abundant proteins based on spectral 
counting) (Neilson et al., 2013). The statistical analysis is performed on log-transformed NSAF data 
and proteins with a P-value ˂ 0.05 were considered to be differentially abundant. To assess the quality 
of the data, log NSAF values were plotted as a kernel density plot to confirm normal distribution of 
the independent biological replicates across all isolates (Neilson et al., 2013). Also, the frequency of 
P-values were plotted as histograms in order to confirm the null-hypothesis registered a true effect of 
differential expression (Pounds, 2006).   
 Gene Ontology (GO) information and functional annotation 3.2.9
Enrichment of the analysis was performed by annotating differentially abundant proteins with GO 
terms as specified in Section 2.2.9.  
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 Fluorogenic substrate analysis of CP activity of total cellular protein 3.2.10
extracts 
To compare the enzymatic activity of CPs known to be key virulence factors in parasitic isolates of 
T. foetus with that of a commensal T. foetus isolate, CP profiles from bovine, feline and porcine T. 
foetus whole cell lysates (25 ng) were directly determined by fluorogenic assay using the synthetic 
substrates Z-Leu-Arg-7-Amino-4-methylcoumarin (AMC), Z-Phe-Arg-AMC and Z-Arg-Arg-AMC 
(Bachem, Bubendorf Switzerland) as specified in Section 2.2.10.2. 
 RESULTS 3.3
 Proteome analysis of reproducibly identified proteins  3.3.1
Quantitative proteomics was performed utilising a label-free shotgun approach to identify proteins 
defining the bovine, feline and porcine T. foetus phenotypes. Not only is this the first gel-free 
proteomic analysis of bovine and feline T. foetus genotypes, it is also the first comparative proteomic 
analysis of a commensal porcine T. foetus isolate with a parasitic bovine and feline T. foetus isolate. 
Eluted peptide fractions from independent biological triplicates of each isolate were analysed using 
LC-MS/MS. Peptide spectrums were matched to peptide sequences from annotated transcriptomes of 
bovine, feline and porcine T. foetus (Morin-Adeline et al., 2014, Morin-Adeline et al., 2015b). In the 
absence of a T. foetus sequenced genome, the annotated transcriptomes of bovine, feline and porcine 
T. foetus are the most comprehensive sequence dataset currently available and thus were utilised in 
this study. A total of 2,235 non-redundant proteins were reproducibly identified from all three T. 
foetus isolates with a total of 1,530 (bovine) 1,248 (feline) and 1,423 (porcine) proteins identified 
(Table 3.1 and Figure 3.1). Of these identified proteins ~79% were homologous to proteins from T. 
vaginalis, while only 1.3% were homologous to proteins sequenced from T. foetus. The FDR in this 
analysis was low (˂ 5% cut-off) and produced no decoy target protein hits in the bovine isolate and a 
very minimal FDR in the feline (0.03%) and porcine (0.1%) isolates (Table 3.1). As demonstrated by 
the kernel plots in Figure 3.2, each plot representing independent biological replicate were very 
similar, indicating the variability of protein abundance between independent biological replicates was 
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low. A complete summary of the proteins reproducibly identified in all isolates are included in 
Appendix 3.6.1. 
Overall, comparative proteomic analysis identified similar protein profiles. Interestingly, 
comparison of the proteins identified in bovine and porcine T. foetus, both classed as ‘bovine 
genotypes’, noted a higher degree of proteome overlap (67%) than the number of proteins conserved 
between the isolates from separate genotypes (i.e. bovine T. foetus versus feline T. foetus, 61%; 
porcine T. foetus versus feline T. foetus, 59%) (Figure 3.1).  
Table 3.1: Peptide/protein data of proteins identified in Tritrichomonas foetus parasitic bovine (BP-4) 
and feline (G10/1) isolates and commensal porcine (PIG 30/1) isolate. 
Isolate 
Peptide spectrum 
matches 
Peptide FDR Average no. 
of peptides 
(±%S.E.M.) 
No. of 
proteins** 
Protein FDR 
R1 R2 R3 R1 R2 R3 
Bovine 
(BP-4) 
11,285 12,013 13,002 0.70% 0.60% 0.50% 5,395 ± 2.11% 1,530 NDH* 
Feline 
(G10/1) 
9,795 11,830 11,787 0.70% 0.40% 0.60% 5,099 ± 2.2% 1,248 0.03% 
Porcine 
(PIG30/1) 
10,479 11,925 10,755 0.50% 0.40% 0.60% 4,849 ± 1.96% 1,423 0.1% 
** Common to three independent biological replicates. *No decoy protein hit. FDR; False discovery 
rate.  
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Figure 3.1: Venn diagram of proteins identified in bovine (BP-4), feline (G10/1) and porcine (PIG 
30/1) Tritrichomonas foetus isolates demonstrating a higher similarity between the isolates that 
comprise the ‘bovine genotype’ than those from a separate genotype (feline isolate). Proteins were 
identified in all independent biological replicates with ≥ 5 spectral counts.  
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Figure 3.2: Kernel density plot illustrating a high degree of similarity between the 
independent biological replicates. The variability of log NSAF (normalised spectral 
abundance factors) plots of reproducible proteins across independent biological replicates 
are low indicating a high similarity between biological replicates. No major outliers were 
apparent in the histograms of the independent biological replicates. This analysis included 
a spectral fraction of 0.5 added to all SpCs (spectral counts), which allowed for log-
transformation of the NSAF before undergoing statistical analysis. 
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 Analysis of differentially expressed proteins between commensal and 3.3.2
parasitic isolates 
Based on calculated protein log NSAF values and statistical analysis (student’s t-test; P-value 
˂ 0.05), this analysis identified a number of differentially abundant proteins from porcine (PIG30/1) T. 
foetus when compared against parasitic bovine (BP-4) and feline (G10/1) T. foetus (Figure 3.3). 
Statistical analysis using the student’s t-test performed during comparative proteomic analysis of the 
different T. foetus isolates produced a peak in the frequency of low P-values, which validates the 
differentially abundant proteins to be a true effect (Figure 3.4) (Pounds, 2006). Despite the difference 
in the total number of proteins identified, proportions of proteins that were up-regulated and down-
regulated following comparative analysis of the different parasitic bovine and feline T. foetus against 
the commensal porcine T. foetus were similar (Table 3.2). However, an increased proportion of 
differentially abundant proteins were identified during quantitative analysis of the parasitic and the 
commensal isolates (i.e. bovine versus porcine and feline versus porcine) when compared with the 
number of differentially abundant proteins identified during the quantitative analysis of parasitic 
isolates, bovine against feline T. foetus (Table 3.2). Within bovine T. foetus, 167 proteins (8.5%) were 
up-regulated and 182 proteins (9.3%) were down-regulated when compared against porcine T. foetus. 
Of those up-regulated 81 (49%) proteins were unique to the bovine isolate (0 SpC in the porcine 
isolate) and of those down-regulated, 49 (27%) proteins were unique to the porcine isolate (0 SpC in 
the bovine isolate). Similarly, feline T. foetus had a total of 164 proteins (8.7%) up-regulated and 169 
proteins (9.0%) down-regulated against porcine T. foetus. Of those up-regulated 71 proteins (43%) 
were unique to the feline isolate (0 SpC in all porcine T. foetus biological replicates) and of those 
down-regulated 98 proteins (58%) were unique to the porcine isolate (0 SpC in all feline T. foetus 
biological replicates). Quantitative analysis of the feline T. foetus against the bovine T. foetus 
identified a reduction in differentially abundant proteins with 143 proteins (7.3%) up-regulated and 
150 proteins (7.7%) down-regulated. Of those up-regulated 62 proteins (43%) were unique to the 
feline isolate (0 SpC in all bovine T. foetus biological replicates) and of those down-regulated 94 
proteins (63%) were unique to the bovine isolate (0 SpC in all feline T. foetus biological replicates). 
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Comparative analysis of parasitic feline and bovine T. foetus also identified a greater proportion of 
unchanged proteins, yet a smaller proportion of differentially abundant proteins (Table 3.2). A greater 
proportion of differentially abundant proteins were identified when comparing parasitic isolates to the 
commensal porcine T. foetus. The complete data set of differentially abundant proteins has been 
included in Appendix 3.6.2. 
 
   
G10/1 versus BP-4 G10/1 versus PIG30/1 BP-4 versus PIG30/1 
 
Figure 3.3: Protein identification and protein quantitation summary from label-free spectral counting 
of Tritrichomonas foetus bovine, feline and porcine isolates. Volcano plots illustrating the distribution 
of quantified proteins according to P-value and fold change. The x-axis represents log fold change 
with the vertical blue lines indicating 1.2 and 0.8 ratio, while the -log10 P-value is plotted on the y-axis 
with proteins above the red horizontal line indicating significance ˂ 0.05. Each data point represents a 
single identified protein. Proteins within the upper and outer quadrants meet both the fold change and 
P-value cut-off, and are therefore considered as differentially abundant. Red data points represent 
down-regulated proteins, black data points represent up-regulated proteins and grey data points 
represents proteins that failed to meet the dual criteria to be considered differentially abundant.  
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 P-value   P-value   P-value  
G10/1 versus BP-4 G10/1 versus PIG 30/1 BP-4 versus PIG30/1 
 
Figure 3.4: Histograms showing the P-value of proteins identified between bovine (BP-4), feline 
(G10/1) and porcine Tritrichomonas foetus with fold changes. The P-value histograms have a peak 
corresponding to a larger number of low P-value, which is indicative of a real underlying effect; a 
random or noisy dataset is expected to generate a uniform distribution of P-value and thus a flat 
histogram. 
 
 
Table 3.2: Distribution of differentially abundant proteins in Tritrichomonas foetus isolates. 
Proteins G10/1  
versus  
BP-4 
G10/1  
versus  
PIG30/1 
BP-4  
versus  
PIG30/1 
Total no.  1,943 1,887 1,964 
Up-regulated
*
 143 (7.3%) 164 (8.7%) 167 (8.5%) 
Down-regulated
**
 150 (7.7%) 169 (9.0%) 182 (9.3%) 
Unchanged/ insignificant 1,650 (85%) 1,554 (82.4%) 1,615 (82.2%) 
*
Up-regulated log NSAF ratio ≥ 1.2, P < 0.05 **Down-regulated log NSAF ratio ≤ 0.8, P-value 
< 0.05. BP-4, bovine isolate; G10/1, feline isolate; PIG30/1, porcine isolate.  
 Bovine, feline and porcine T. foetus proteomes 3.3.3
Given this is the first characterisation of a porcine T. foetus proteome, the 50 most abundant 
proteins were assessed based on the calculated protein NSAF values (Figure 3.5). The majority of 
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proteins identified as highly abundant are involved in transcription or translational regulation, 
carbohydrate metabolism and antioxidant activity. Those involved in transcription or translational 
regulation include histone H2B, elongation factor1-alpha and ribosomal protein L10. Metabolic 
enzymes involved in energy production included glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH), malic enzyme, enolase, fructose 1-6 bisphosphate, and triosephosphate isomerase were all 
identified as being amongst the most abundant proteins involved in energy-producing. A number of 
antioxidant proteins were also found to be amongst the top 50 as well as proteins involved in 
signalling. Upon comparison of the top 50 most abundant proteins identified in the parasitic bovine 
and feline isolates a similar trend was observed with the majority of the proteins being involved in 
transcription or translational regulation, carbohydrate metabolism and antioxidant activity (Figure 3.6 
and Figure 3.7). Across all three isolates a high level of conservation was highlighted with 44 (88%) 
of the most abundant proteins from porcine T. foetus also identified in the top 50 most abundant 
proteins of bovine and feline T. foetus (Figure 3.5). Interestingly the feline isolate, which is classified 
in a separate genotype still shared a large proportion of proteins between the two ‘bovine genotype’ 
isolates, however, the number of common proteins across all three isolates was the lowest with only 38 
proteins (76%) identified as common (Figure 3.7). 
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Figure 3.5: Histogram depicting the 50 most abundant proteins of porcine Tritrichomonas foetus identified by shotgun proteomics using the NSAF 
(normalised spectral abundance factor) scores. The histogram highlights the large number of proteins common in the top 50 highly abundant proteins in 
all parasitic isolates. GAPDH, Glyceraldehyde-3-phosphate dehydrogenase. 
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Figure 3.6: Histogram depicting the 50 most abundant proteins of bovine Tritrichomonas foetus identified by shotgun proteomics on the NSAF (normalised 
spectral abundance factor) scores. The histogram highlights the large number of proteins common in the top 50 highly abundant spots across all T. foetus 
isolates. Hyd ME-A/AP65-2 adhesin, Hydrogenosomal malic enzyme subunit A/AP65-2 adhesin; GAPDH, Glyceraldehyde-3-phosphate dehydrogenase. # 
proteins identified in bovine T. foetus the in previous gel-based quantitative proteomic analysis using two-dimensional gel electrophoresis (2DE) coupled 
with LC-MS/MS. 
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Figure 3.7: Histogram depicting the 50 most abundant proteins of feline Tritrichomonas foetus identified by shotgun proteomics on the NSAF (normalised 
spectral abundance factor) scores. The histogram highlights the large number of proteins common in the top 50 highly abundant  spots across all T. foetus 
isolates. GAPDH, Glyceraldehyde-3-phosphate dehydrogenase; Alpha-SCoS, Alpha-succinyl coenzyme A synthetase. # proteins identified in the feline 
isolate in previous gel-based quantitative proteomic analysis using two-dimensional gel electrophoresis (2DE) coupled with LC-MS/MS. 
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 Proteins unique to bovine T. foetus when compared with commensal porcine T. 3.3.3.1
foetus 
This analysis sought to define the relationships between parasitic and commensal T. foetus isolates. 
Several proteins were identified as significantly unique to bovine T. foetus when compared with 
porcine T. foetus (P-value ˂ 0.5; 0 Spc in all biological replicates respective isolate). Of these, two 
proteins from the methionine synthase family involved in amino acid metabolism and two proteins 
from the galactokinase family, involved in phosphorylating galactose during carbohydrate metabolism, 
were identified. Other proteins involved in carbohydrate metabolism included, two proteins from the 
adenylate kinase protein family, beta-galactosidase, cupin, and a hydrogenosomal oxygen reductase. 
Proteins involved with protein signalling were also identified, including proteins from the 14-3-3 
protein family, a C2 domain containing protein, an armadillo/beta-catenin-like repeat family protein, a 
4Fe4S binding domain containing protein and a peptidyl-prolyl cis-trans isomerase, FKBP-type family 
protein. Proteins with potential roles in pathogenesis included those involved in oxidative defence, 
such as thioredoxin proteins and flavin reductase proteins. Dynein heavy chain family protein and 
flagellar radial spoke family with roles in flagellar motility were identified. An immuno-dominant 
variable surface antigen-like and a CP inhibitor, CP inhibitor 1, with putative roles in pathogenesis 
were also unique to bovine T. foetus. Moreover, proteins from the actin protein family with roles in 
cytoskeletal remodelling as well as proteins involved in vesicular or protein trafficking: calcium 
motive P-type ATPase, adaptin N terminal region family protein, Ras family proteins, and small GTP-
binding family proteins, were identified. The remaining unique proteins with known putative functions 
included ribosomal proteins S19e and S13p/S18e associated with protein translation, Dnaj domain 
containing protein family involved in protein folding/modification and nitroreductase family protein 
involved nucleotide metabolism. The other 33 unique proteins were uncharacterised or hypothetical 
with unknown function. 
This analysis also identified 49 proteins (P-value ˂ 0.05) proteins unique to porcine T. foetus when 
compared with bovine T. foetus. This included an adhesion-like protein and lecithin:cholesterol 
acyltransferase family protein associated with lipid metabolism. Proteins involved in oxidoreductase 
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activity includes the FAD/FMN-binding family protein and the oxidoreductase aldo/ketoreductase 
family associated proteins associated with amino acid metabolism. In addition, proteins related to 
protein signalling/transport, carbohydrate metabolism and biosynthesis were also unique to the porcine 
isolate. Proteins with roles in translation included a lysyl-tRNA synthetase family protein 
and ribosomal proteins L27e S25. Five antioxidant defence proteins, rubredoxin, thioredoxin, 
thioredoxin peroxidase and unnamed protein product proteins (all associated with antioxidant activity) 
were unique to the commensal isolate. Chaperonin 60 proteins involved in cytoskeletal arrangement 
were identified as well as three Ras-related proteins that play a role in protein trafficking. The 
remaining 14 proteins significantly unique to porcine T. foetus were uncharacterised or hypothetical 
with unknown function. 
 Proteins unique to feline T. foetus when compared with commensal porcine T. 3.3.3.2
foetus 
Following quantitative analysis of feline T. foetus against commensal porcine T. foetus, proteins 
identified as unique to the feline isolate were involved in metabolising amino acids and include 2-
aminoethylphosphonate: pyruvate aminotransferase, cobalamin-independent synthase catalytic 
subunit, methionine adenosyltransferase, three proteins from the NOL1/NOP2/sun protein family and 
methionine synthase proteins. Unique proteins involved in carbohydrate metabolism included 4-alpha-
glucanotransferase proteins, 6-phosphogluconate dehydrogenase, alpha amylase, fructose-1,6-
bisphosphate aldolase, galactokinase proteins, GDP-mannose 4,6-dehydratase, phosphomanomutase, 
pyruvate:ferredoxin oxidoreductase A, UTP-glucose-1-phosphate uridylyltransferase family protein, 
Oligo-1,6-glucosidase proteins and hydrogenosomal oxygen reductase. Protein 2,5-diketo-D-gluconic 
acid reductase is involved in protein metabolism. Seven unique proteins are involved in signalling, 
including 14-3-3 proteins, armadillo/beta-catenin-like repeat family proteins, 4Fe-4S binding domain 
containing protein, GDP dissociation inhibitor family protein and C2 domain containing protein. A 
number of hydrolases were identified including haloacid dehalogenase-like hydrolase family protein 
as well as hydrolases from the multigene CP family: cathepsin L-like CP, and asparaginyl 
endopeptidase-like CP; and the metalloprotease, immuno-dominant variable surface antigen-
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like family. A CP inhibitor, phytocystatin-like peptidase inhibitor was also unique to feline T. foetus as 
were proteins involved in vesicular/protein trafficking including small GTP-binding 
proteins. Proteins involved in oxidative defence included rubredoxin, thioredoxin peroxidase and 
unnamed protein product. The remaining 24 unique proteins were either hypothetical or 
uncharacterised and thus had unknown function.    
Proteins unique to porcine T. foetus when compared against the proteome of feline T. foetus, were 
also involved in metabolising amino acids and included aminotransferase, cysteine synthase proteins, 
glutamate dehydrogenase proteins, glyoxylate reductase and cysteine desulphurase proteins. A number 
of unique proteins are also involved in carbohydrate metabolism, such as 6-phosphogluconate 
dehydrogenase, aldose 1-epimerase proteins, alpha/beta hydrolase family proteins, fructose-1,6-
bisphosphate aldolase proteins, galactokinase family protein, inositol monophosphatase family 
proteins, iron hydrogenase proteins, pyruvate:ferredoxin oxidoreductase A, and ROK family proteins. 
Proteins were also identified to play a role in conenzyme, lipid and nucleotide metabolism. A number 
of unique proteins were involved in colonisation and included von Willebrand factor type A domain 
containing protein with roles in adhesion, an immune evading VSP (variant-specific surface proteins) 
and oxidative defence proteins, rubredoxin and thioredoxin proteins. Virulence proteases, from the CP 
multigene family included CP8, asparaginyl endopeptidase-like CP and CP.  Also, an unassigned 
serine peptidase and the metalloproteases, GP63 and  immuno-dominant variable surface antigen-like 
proteins with potential roles in pathogenesis were also identified. Proteins involved in signalling 
included the C2 domain containing protein, elongation factor 1-alpha, EF hand family proteins, ATP 
synthase F1, epsilon subunit, GTPase-activator proteins, GDP dissociation inhibitor family proteins 
and formin homology 2 domain containing protein. A protein ABC transporter family protein is 
involved in signalling, and DnaJ domain containing protein is involved in protein 
folding/modification. Proteins involved in rRNA processing included nucleolar protein, Nop52 
containing proteins and ribosomal protein L29 plays a role in translation. The remaining 20 unique 
proteins were either hypothetical or uncharacterised and thus had unknown function. 
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 Proteins unique to feline T. foetus when compared with bovine T. foetus 3.3.3.3
Experimental infections have demonstrated that a porcine isolate can be experimentally infected 
into a bovine host and evoke the same disease response as a natural infection (Fitzgerald et al., 1958). 
Although a feline isolate can infect the bovine host, it does so with less severe pathology. Therefore, 
identifying proteins with a role in the different histopathology produced by different isolates is 
essential. Comparative analysis of the proteomes of feline T. foetus against bovine T. foetus was also 
performed. The majority of proteins unique to the feline isolate in this analysis were involved in 
carbohydrate metabolism, including the putative moonlighting proteins, fructose-1,6-bisphosphate 
aldolase, enolase family protein, glyceraldehyde-3-phosphate dehydrogenase and pyruvate:ferredoxin 
oxidoreductase A, all with potential roles in adhesion. Proteins unique to feline T. foetus involved in 
other metabolic processes, such as amino acid metabolism, included 2-
aminoethylphosphonate:pyruvate aminotransferase, cobalamin biosynthesis protein CobT, cobalamin-
independent synthase catalytic subunit and ornithine carbamoyltransferase family protein. Also, a 
nitroreductase family protein involved in nucleotide metabolism was identified. DnaJ domain 
containing protein with roles in protein modification and 40S ribosomal protein S21 with a role in 
translation was unique to the feline isolate. Signalling proteins, C2 domain containing proteins, GDP 
dissociation inhibitor family protein and RhoGAP domain containing protein were also unique to 
feline T. foetus. Interestingly, unique T. foetus proteins involved in virulence included phytocystatin, 
an inhibitor of CPs, the main virulence proteases of T. foetus. Other putative virulence factors included 
proteases, such as a capthepsin L-like CP, and a metallopeptidase family of proteins: peptidase T and 
immune-dominant variable surface antigen. Antioxidant proteins included rubredoxin, thioredoxin 
peroxidase and unnamed protein product involved in all with roles in defence. A saposin-like protein 2 
was also identified with potential roles in lipid metabolism and host cell invasion.  The remaining 20 
proteins unique to feline T. foetus had an unknown function. 
Proteins unique to bovine T. foetus when compared with feline T. foetus were involved with 
signalling/transport and included an ABC transporter family protein, protein variants of GTP-binding 
protein, GDP dissociation inhibitor protein, elongation factor 1-alpha and ATP synthase F1, epsilon 
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subunit. Proteases known to be related to virulence, included CPs: CP8 and asparaginyl endopeptidase 
(legumain); serine proteases: subtilisin proteins; metalloproteases: GP-63-like and immune-dominant 
variable surface antigen-like protein family proteins. CP protease inhibitors, phytocystatin and a VSP, 
involved in virulence were also identified. Antioxidant proteins with roles in defence included flavin 
reductase and rubredoxin. Flagellar radial spoke proteins with roles in flagellar movement were also 
identified. A number of unique proteins were associated with amino acid metabolism including 
cysteine synthase, glutamate dehydrogenase and cysteine desulphurase. Other proteins identified as 
unique were associated with carbohydrate metabolism, nucleotide metabolism, lipid metabolism, 
transcription and translation. Of particular note is the moonlighting protein, AP65-2, involved in 
energy production in the hydrogenosome as well as adhesion of parasites to the host. The remaining 
30 proteins unique to bovine T. foetus were uncharacterised or hypothetical with unknown function. 
 CP profiles T. foetus total cellular protein extracts 3.3.4
With the essential role CPs play in virulence of T. foetus parasites, we were interested in comparing 
the CP profiles of the three T. foetus isolates. A total of 30 CPs (9 CPs bovine isolate, 9 CPs feline 
isolate and 12 CPs porcine isolate) were reproducibly identified in T. foetus isolates, respectively 
(Table 3.3). Of the CPs identified, 2 and 6 were unique to the parasitic bovine and feline isolates, 
respectively, while 3 were unique to the porcine isolate. Interestingly, a greater similarity was apparent 
between the bovine and porcine T. foetus isolates. The top four most abundant CPs were the exact 
same in bovine and porcine isolates. However, upon further examination, it was evident that the 
abundance of the CP from bovine T. foetus was more abundant than commensal porcine T. foetus. This 
analysis also identified an up-regulation of different variants of the CP inhibitor, cystatin, across all 
parasitic bovine and feline T. foetus. Cystatin protein variants were down-regulated in commensal 
porcine T. foetus when compared to the bovine isolate.  
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 Table 3.3: Cysteine proteases identified in bovine, feline and porcine Tritrichomonas foetus total 
cellular proteomes using label-free spectral counting 
 
Accession no. Description 
BP-4 
versus 
Pig30/1 
G10/1 
versus 
BP-4 
G10/1 
versus 
PIG30/1 
B
o
v
in
e 
is
o
la
te
 
Bc12_comp7439_c0_seq1 Cysteine protease 8   u 
 Bc12_comp7439_c0_seq2 Cysteine protease 8 
   Bc12_comp10065_c0_seq1 Clan CD, family C13, asparaginyl endopeptidase-like CP 
 
u 
 G10_comp8009_c0_seq1 Clan CA, family C1, cathepsin L-like cysteine peptidase  
   G10_comp10721_c0_seq1 Clan CD, family C14, metacaspase-like cysteine peptidase  
   PigTf_comp11720_c0_seq1 Clan CD, family C14, metacaspase-like cysteine peptidase  
   Bc12_comp10646_c0_seq1 Clan CD, family C14, metacaspase-like cysteine peptidase (1)d 
   G10_comp2012_c0_seq1 Clan CA, family C1, cathepsin L-like cysteine peptidase  
   Bc12_comp10791_c0_seq1 Clan CA, family C1, cathepsin L-like cysteine peptidase  
   Bc12_comp9915_c0_seq1 Clan IH, family I25, phytocystatin-like peptidase inhibitord  
   Bc12_comp9941_c0_seq1 Clan IH, family I25, phytocystatin-like peptidase inhibitor   
  PigTf_comp11088_c0_seq1 Clan IH, family I25, phytocystatin-like peptidase inhibitor  
   G10_comp7804_c0_seq1 Clan IH, family I25, phytocystatin-like peptidase inhibitor (2)  
  PigTf_comp11281_c0_seq1 Cysteine proteinase inhibitor 3-like  
  Bc12_comp3242_c0_seq1 Cysteine proteinase inhibitor 1  
   
P
o
rc
in
e 
is
o
la
te
 
Bc12_comp7439_c0_seq1 Cysteine protease 8   
 
u 
Bc12_comp7439_c0_seq2 Cysteine protease 8  
   Bc12_comp10065_c0_seq1 Clan CD, family C13, asparaginyl endopeptidase-like CP  
  
u 
G10_comp8009_c0_seq1 Clan CA, family C1, cathepsin L-like cysteine peptidase  
   G10_comp7103_c0_seq1 Cysteine protease  
   Bc12_comp9935_c0_seq1 Cysteine protease  
  
u 
G10_comp15640_c0_seq1 Clan CD, family C14, metacaspase-like cysteine peptidase  
   Bc12_comp13262_c0_seq1 Clan CD, family C14, metacaspase-like cysteine peptidase  
   Bc12_comp10771_c0_seq1 Clan CA, family C1, cathepsin H-like cysteine peptidase  
   G10_comp10424_c0_seq1 Clan CA, family C1, cathepsin H-like cysteine peptidase (1) 
   PigTf_comp11686_c0_seq1 Clan CA, family C1, cathepsin H-like cysteine peptidase  
   G10_comp8065_c0_seq1 Clan CA, family C19, ubiquitin hydrolase-like cysteine peptidase  
   Bc12_comp9915_c0_seq1 Clan IH, family I25, phytocystatin-like peptidase inhibitor  
  
u 
PigTf_comp11088_c0_seq1 Clan IH, family I25, phytocystatin-like peptidase inhibitor  
  
u 
PigTf_comp11281_c0_seq1 Cysteine proteinase inhibitor 3-like   
  Bc12_comp9941_c0_seq1 Clan IH, family I25, phytocystatin-like peptidase inhibitor   
  G10_comp7804_c0_seq1 Clan IH, family I25, phytocystatin-like peptidase inhibitor (2)  
  
F
el
in
e 
is
o
la
te
 
Bc12_comp7439_c0_seq2 Cysteine protease 8  
   G10_comp10392_c0_seq1 Clan CA, family C1, cathepsin L-like cysteine peptidase  
 
u u 
G10_comp7274_c0_seq1 Clan CD, family C13, asparaginyl endopeptidase-like CP 
  
u 
G10_comp8009_c0_seq1 Clan CA, family C1, cathepsin L-like cysteine peptidase  
   G10_comp15640_c0_seq1 Clan CD, family C14, metacaspase-like cysteine peptidase  
 
u 
 Bc12_comp13262_c0_seq1 Clan CD, family C14, metacaspase-like cysteine peptidase  
 
u 
 PigTf_comp11337_c0_seq1 Cysteine proteinase  
   G10_comp2012_c0_seq1 Clan CA, family C1, cathepsin L-like cysteine peptidase  
  
u 
Bc12_comp10791_c0_seq1 Clan CA, family C1, cathepsin L-like cysteine peptidase  
  
u 
PigTf_comp11281_c0_seq1 Cysteine proteinase inhibitor 3-like  
   Bc12_comp9941_c0_seq1 Clan IH, family I25, phytocystatin-like peptidase inhibitor  
   G10_comp7804_c0_seq1 Clan IH, family I25, phytocystatin-like peptidase inhibitor (2) 
   G10_comp7405_c0_seq1 Clan IH, family I25, phytocystatin-like peptidase inhibitord  
 
u u 
Numbers listed in brackets ‘()’ list the number of transmembrane helices predicted by TMHMM 
(V2.0). ‘’ up-regulated indicating a fold-change of ≥ 1.2 and P-value ˂ 0.05; ‘’ down-regulated 
indicating a fold-change of ≤ 0.08 and P-value ˂ 0.05. ‘u’ Unique to that T. foetus isolate. ‘d’ 
identified as potential druggable target according to Morin-Adeline et al. (Morin-Adeline et al., 2014). 
Clan CD, family C13, asparaginyl endopeptidase-like CP, Clan CD, family C13, asparaginyl 
endopeptidase-like cysteine peptidase. 
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 Functional annotation of bovine, feline and porcine T. foetus proteomes 3.3.5
Given membrane proteins are involved in host-parasite interactions and are often used as drug 
targets and biomarkers we were interested in identifying proteins with potential involvement in this 
host-parasite interaction (Hopkins and Groom, 2002, Tan et al., 2008, Groen and Lilley, 2010). Using 
TMHMM (V2.0), this analysis identified ~18% of the proteome (bovine T. foetus 282/1530 proteins; 
feline T. foetus 219/1248 proteins; porcine T. foetus, 261/1423 proteins) of each isolate to contain at 
least one well-defined transmembrane helices within a protein sequence. Of the proteins identified as 
being differentially abundant between the isolates, 21% of these had predicted transmembrane helices 
(Appendix 3.6.1). 
Proteomes of the bovine, feline and porcine isolate were then annotated at a GO level using 
Blast2GO (V3.2.4). A total of ~86.9% (1,335/1,530 bovine isolate; 1,078/12,48 feline isolate, 
1239/1423 porcine isolate) of proteins were assigned GO terms. Inferred GO annotations and 
proportions across the three categories (cellular component, molecular function and biological 
process) were highly similar between bovine, feline and porcine isolates (Figure 3.8). GO terms were 
then filtered to only include GO terms assigned to differentially abundant proteins identified during 
comparative analysis of parasitic bovine and feline T. foetus and commensal porcine T. foetus. This 
was to assess if functions and processes were maintained by proteins unique to each isolate. Of the 975 
differentially abundant proteins identified in this analysis, 85% (827/975) had inferred GO 
annotations. Similar to GO annotations of the whole proteomes, inferred GO terms of differentially 
abundant proteins were similar, however, the proportions of assigned terms varied (Figure 3.9 and 
Figure 3.10). Comparative analysis between parasitic feline (G10/1) against bovine (BP-4) and 
parasitic bovine (BP-4) and feline (G10/1) against commensal porcine (PIG30/1) identified some 
absent GO terms in the molecular function and cellular component category; from the molecular 
function category the structural only constituent of ribosome term was not observed in proteins down-
regulated in the comparison of parasitic T. foetus feline (G10/1) against bovine (BP-4) (Figure 3.10). 
From the cellular component category, organelle lumen was not observed in down-regulated proteins 
of the parasitic feline (G10/1) T. foetus against the commensal porcine (PIG30/1) T. foetus and 
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membrane-bounded organelle, endomembrane system, and intrinsic component of membrane terms 
were not observed in proteins up-regulated in the comparison of parasitic feline (G10/1) T. foetus 
against commensal porcine (PIG30/1) T. foetus (Figure 3.9 and Figure 3.10). 
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Figure 3.8: Top gene ontology (GO) annotations of bovine (BP-4), feline (G10/1) and porcine 
(PIG30/1) Tritrichomonas foetus. Figure represents the top 15 inferred level 3 GO annotations 
assigned using Blast2GO (V3.2.4) and highlights the similarity between the three isolates when 
annotated according to their function (Conesa et al., 2005).  
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 GO annotations of differentially abundant proteins in parasitic T. foetus (BP-4 3.3.5.1
and G10/1) against commensal T. foetus (PIG30/1). 
A comparison of the inferred GO terms of differentially abundant proteins in parasitic T. foetus 
isolates (BP-4 and G10/1) against the commensal porcine isolate was performed to assess if any 
particular GO term was defining the parasitic relationship of bovine and feline T. foetus. The top four 
GO terms from biological process category assigned to proteins up-regulated in bovine (BP-4) and 
feline (G10/1) T. foetus against porcine (PIG30/1) T. foetus were involved in metabolic processes; 
organic substance metabolic process, primary metabolic process, cellular metabolic process and 
single-organism metabolic process (Figure 3.9). Similarly, the top four terms assigned to down-
regulated proteins identified in this same analysis were also involved in the aforementioned processes 
(organic substance metabolic process, primary metabolic process, cellular metabolic process and 
single-organism metabolic process) (Figure 3.10). In the molecular function category, a trend between 
the GO annotations assigned to differentially abundant proteins was more difficult to establish. The 
top two enriched GO terms of up-regulated proteins were both related to binding, with proteins from 
bovine (BP-4) T. foetus involved in binding of heterocyclic compound(s) and organic cyclic binding, 
while the top enriched terms of feline (G10/1) T. foetus were involved in ion binding and protein 
binding. The next top enriched terms in the ‘bovine genotype’ (bovine (BP-4) and porcine (PIG30/1) 
T. foetus isolates) were involved in binding (protein binding and small molecule binding), while in the 
‘feline genotype’ (feline (G10/1) isolate) the next top enriched terms were involved in catalytic 
activity; transferase and hydrolase activity (Figure 3.9). The top four GO terms of proteins down-
regulated were binding-related, with the exception of the most enriched GO term in the feline (G10/1) 
T. foetus being oxidoreductase activity. In the cellular component, the top enriched GO terms were 
similar in both parasitic bovine (BP-4) and feline (G10/1) T. foetus with the GO terms intracellular 
part, intracellular, protein complex and intracellular organelle assigned the highest proportion of up-
regulated and down-regulated protein sequences (Figure 3.10).  
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 GO annotations of differentially abundant proteins in ‘Feline genotype’ (G10/1) 3.3.5.2
versus ‘bovine genotypes’ (BP-4 and PIG30/1).  
Both porcine and bovine T. foetus isolates are classified within the ‘bovine genotype’. Therefore, to 
compare the function of the differentially abundant proteins identified in the analysis of a ‘feline 
genotype’ against ‘bovine genotypes’, GO terms were assessed. In the biological process category, 
organic substance metabolic process and primary metabolic process were the two most enriched terms 
of up-regulated and down-regulated proteins (Figure 3.9 and Figure 3.10). In the molecular function 
category, ion binding was the only common term of the four most enriched GO terms of up-regulated 
proteins. Binding was also a theme of the top five GO terms (heterocyclic compound binding, organic 
cyclic compound binding and small molecule binding) of down-regulated proteins (Figure 3.10). 
However, oxidoreductase activity was the most enriched term in the feline (G10/1) isolate against the 
porcine (PIG30/1) isolate. Similar to the comparison of the bovine (BP-4) isolate against the porcine 
(PIG30/1) isolate, the top two enriched GO terms of both up-regulated and down-regulated proteins 
were assigned intracellular locations in the comparison of the ‘feline genotype’ against the bovine 
genotypes (bovine (BP-4) and porcine (PIG30/1) isolate) (Figure 3.9 and Figure 3.10).  
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Up-regulated 
Figure 3.9: Top GO (Gene Ontology) categories of proteins up-regulated when bovine (BP-4) and 
feline (G10/1) and porcine (PIG30/1) Tritrichomonas foetus were comparatively analysed. Figure 
represents the top level 3 GO annotations assigned using Blast2GO (V3.2.4) (Conesa et al., 2005). 
GO profiles of up-regulated proteins are more distinct, than the total proteome GO profiles.  
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Down-regulated 
Figure 3.10: Top GO (Gene Ontology) categories of proteins down-regulated when bovine (BP-4), 
feline (G10/1) and porcine (PIG30/1) Tritrichomonas foetus were comparatively analysed. Top 
level 3 GO annotations assigned using Blast2GO (V3.2.4) (Conesa et al., 2005) are presented. GO 
profiles of down-regulated proteins are more distinct, than the total proteome GO profiles. 
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 CP profiles of activity of total cellular protein extracts 3.3.6
A unique CP profile became more evident when CP activities of parasitic bovine (BP-4) and feline 
(G10/1) T. foetus were directly compared with a commensal T. foetus isolate using fluorogenic peptide 
substrates specific for cathepsin L (Z-Leu-Arg-AMC and Z-Phe-Arg-AMC) and cathepsin B activity 
(Z-Arg-Arg-AMC). Both parasitic and commensal isolates efficiently cleaved all three substrates. 
Similar to the results in Chapter 2, the bovine isolate displayed highest activity against all three 
substrates. The highest CP activity in all three isolates was towards Z-Leu-Arg-AMC followed by Z-
Arg-A rg-AMC and Z-Phe-Arg-AMC (Figure 3.11). However, compared with the bovine and feline 
isolate, the activity of commensal porcine (PIG30/1) T. foetus was significantly reduced. On average, 
the porcine isolate displayed 73% and 59% less CP activity when compared with the bovine and feline 
T. foetus, respectively. 
 
Figure 3.11: Activity of total cellular extracts (25 ng per well) of bovine, feline and porcine 
Tritrichomonas foetus isolates against specific cysteine protease (CP) fluorogenic substrates: 
Z-RR-AMC (Z-Arg-Arg-AMC); Z-LR-AMC (Z-Leu-Arg-AMC); and Z-FR-AMC (Z-Phe-Arg-
AMC). Values represent the mean ±S.E.M. of three independent experiments with triplicate 
technical replicates in each. Statistically significant differences between the means were assessed 
using one-way analysis of variance (ANOVA) with the post-hoc Bonferroni method*P-value < 
0.05. 
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 Comparison between in-gel and gel-free methods 3.3.7
A great deal of conjecture exists as to which proteomic platform is superior to quantitatively 
analyse proteomes (Rogowska-Wrzesinska et al., 2013, Oliveira et al., 2014, Magdeldin et al., 2014, 
Walther and Mann, 2010, Cravatt et al., 2007, Zhang et al., 2013, Wastling et al., 2012). The analysis 
outlined in Chapter 2 and this current Chapter was the first quantitative proteomic analysis of T. foetus 
genotypes. The data produced from each method may enable an informed decision to be made 
regarding which platform would be the most beneficial for further quantitative proteomic analysis of 
T. foetus. These two methods are approached differently with the gel-based performing a ‘top-down’ 
proteomic approach where visual quantitation of protein spots is performed prior to identification 
using mass spectrometry. In this analysis, only proteins of interest are identified. In contrast, gel-free 
methods, such as label-free spectral counting performed here in this study applies a ‘bottom-up’ 
approach where intact proteins are digested into peptides, identified at a MS level and then quantified 
using statistical analysis software (Figure 3.12). In order to compare the two different methods, the top 
50 most abundant proteins identified in the gel-based method based on the mean normalised volume of 
each resolved protein spot and in the gel-free method based on log NSAF values were compared. 
Figure 3.12 outlines the methods followed in each approach and highlights the differences between the 
‘top-down’ proteomic approach followed in the gel-based method and the ‘bottom-up’ proteomic 
approach followed by the gel-free method. Within the gel-free method, 19 proteins from the top 50 
most abundant proteins were also identified in the gel-based method (Figure 3.6 and Figure 3.7). It is 
important to reiterate that both methods are able to identify proteins (proteins arising from alterative 
splicing, alternative promoter usage, and alternative translation initiation for a given gene) 
(Nesvizhskii and Aebersold, 2005) from multigene families. However, 2DE is also able to quantify 
proteoforms of protein species (isoforms and/or post-translationally modified protein variants), based 
on the variation in molecular mass (MW) and pI. Therefore, multiple proteins can be assigned to a 
protein family. For example, of the of the top 50 most abundant proteins in the gel-based analysis, 19 
protein spots varying in MW and pI were identified to be proteoforms from 8 unique proteins in the 
bovine isolate. Similarly, 17 protein spots in the feline isolate were proteoforms from 8 unique 
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proteins. For these reasons, the number of proteins common to both methods equated to ~27% (9 
proteins), which translates to 76% (29 bovine and 28 feline) of proteins unique to the gel-based 
method and 73% (21 bovine and 23 feline) of proteins unique to the gel-free method in both bovine 
and feline T. foetus (Figure 3.13).  
The proteins identified were then analysed to evaluate if any bias was associated with either 
method when quantifying proteins. As expected, a greater proportion of proteins from the gel-free 
method had predicted transmembrane domains (4 gel-based versus 18 in the gel-free). Although 
shotgun has been proposed to surpass 2DE due to its ability to identify proteins from a dynamic MW 
range, 2DE resolved proteins from a wider MW range when compared with the shotgun approach 
(Table 3.4). In contrast, the gel-free method had a wider pI range, expanding beyond the pH range of 
3-10 used in gel-based in Chapter 2. A protein with a pI of 11.08 was identified in the gel-based 
method, which could be due to a PTM that altered the pI to be resolved within the 3-10 range.  
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Figure 3.12: Flow-chart comparing gel-based (two-dimensional gel electrophoresis coupled with LC-
MS/MS (2DE-LC-MS/MS)) and gel-free (label-free spectral counting) quantitative proteomic analysis 
approaches. This flow-chart highlights the similarities and differnces between these methods, which 
reinforce the idea that these are complementary methods rather than competing. FASP, filter-aided 
sample preparation; SDB, styrene divinyl benzene; NSAF, normalised spectral abundance factor. 
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Figure 3.13: Comparison of the top 50 most abundant proteins identified in the two-dimensional gel 
electrophoresis (2DE) analysis and shotgun (label free spectral counting) analysis, highlighting the 
complementary role of both techniques. The sum of the total proteins identified in these methods do 
not equate to 50 proteins. This is due to the identification of protein isoforms from multigene families 
in the shotgun analysis. Similarly, multiple proteoforms of the same protein were identified in the 2DE 
and one protein spot was unable to be characterised in the feline isolate following LC-MS/MS. 
 
Table 3.4 Comparison of ‘top-down’ two-dimensional gel electrophoresis (2DE) and ‘bottom-up’ 
label-free spectral counting quantitative proteomics. 
 
2DE Shotgun 
 
BP-4 G10/1 BP-4 G10/1 
No of protein spots(2DE)/proteins 
(label-free)  
1,442 ± 73 1,450 ± 88 1530 1248 
Proteins with transmembrane helices 4 0 10 8 
MW range (kDa) 5.26-95.69 5.26-95.69 9.17-76.68 10.03-76.68 
pI range 4.23-11.08 4.23-11.08 3.34-12.73 3.34-12.73 
BP-4, bovine isolate; G10/1, feline isolate.  
Note: MW and pI range listed are the theoretical values of the protein identified.  
 DISCUSSION 3.4
As a protozoan with a wide host range and a diverse pathogenicity, T. foetus provides a powerful 
model to study factors contributing to parasitism. Not only does T. foetus possess an unique host 
tropism for two different hosts in two different niches, it is also presents as a harmless commensal. 
Current research by others has been unable to pinpoint specific molecules contributing to the unique 
host tropism of these isolates (Morin-Adeline et al., 2014, Morin-Adeline et al., 2015b). The analysis 
in this thesis provides a baseline proteome of three host-specific T. foetus isolates using shotgun 
proteomics in the absence of host selective pressures. Within this study, a global quantitative 
proteomic analysis between bovine (BP-4), feline (G10/1) and porcine (PIG30/1) T. foetus total 
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cellular protein was performed. To our knowledge, this is the first report of a porcine T. foetus 
proteome and the first shotgun proteomic characterisation of bovine (BP-4) and feline (G10/1) T. 
foetus proteomes. A number of differentially abundant proteins with roles in virulence were identified 
in bovine (BP-4) and feline (G10/1) T. foetus when compared with porcine (PIG30/1) T. foetus. 
Moreover, comparison of a ‘feline genotype’ with ‘bovine genotypes’ also identified differentially 
abundant proteins that may enable adaptation of each genotype to their unique host niche. Mapping of 
proteins from the proteome to GO terms highlighted a high similarity of functional categories between 
the three isolates, suggesting the variation between T. foetus proteomes did not exceed what would be 
expected for intraspecies variation. A greater similarity of porcine (PIG30/1) T. foetus (67%) to the 
‘bovine genotype’, T. foetus (BP-4) (61%) was noted when compared to the ‘feline genotype’, T. 
foetus (G10/1) (59%).  
 Proteins involved in signalling up-regulated in parasitic isolates 3.4.1
Quantitative proteomics using spectral counting was applied to analyse the proteomes of parasitic 
bovine and feline T. foetus with commensal porcine T. foetus. A limited number of proteins with 
inferred roles in virulence were up-regulated in this analysis, which could be attributed to the lack of 
host effector molecules inducing the virulent phenotypes of parasitic bovine and feline T. foetus. 
Another reason, discussed in more detail below, could be virulence is influenced more by the unique 
proteoforms rather than the unique total abundance of a protein between parasitic and commensal T. 
foetus isolates.  
Interestingly, 14-3-3 proteins were unique in bovine and feline parasitic isolates when compared 
with the commensal isolate. These proteins are ubiquitously expressed by all eukaryotic cells (Siles-
Lucas Mdel and Gottstein, 2003). During a parasite’s life cycle, 14-3-3 signal transduction pathways 
are involved in cellular processes, such as proliferation, migration, morphological changes, 
coordination of cell adhesion and motility (Aitken, 2006, Sluchanko and Gusev, 2010, Kafle et al., 
2016, Weidner et al., 2016). Within protozoan parasites 14-3-3 proteins are suggested to mediate host-
parasite interactions. Overexpression of tg14-3-3 in T. gondii induced a hyper motile phenotype of 
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parasitised host dendritic cells, enabling dissemination of the parasite throughout the host (Weidner et 
al., 2016). Not only this, phosphorylated gd14-3-3 protein is involved in the initial phases of G. 
duodenalis differentiation from a trophozoite to a cyst and was up-regulated during host-parasite 
interactions of G. duodenalis (Lalle et al., 2010, Emery et al., 2016). Although the role of 14-3-3 
protein in T. foetus is currently unknown, in T. vaginalis, Tv14-3-3 protein was found to be up-
regulated in a high-virulence phenotype (FMV-1) and in response to cold stress, suggesting it may be 
involved in both host-parasite interactions and the adaptation to its host environmental niche (Fang et 
al., 2015, Cuervo et al., 2008).  
Another unique protein identified in bovine and feline isolates when compared with commensal T. 
foetus involved in signalling is the armadillo/beta-catenin-like repeat family protein. Again the 
versatile function of this protein includes adhesion and signalling. Intriguingly armadillo/beta-catenin-
like repeat family protein also functions as a transducer of extracellular signals that targets the nucleus, 
which modifies gene expression (Coates, 2003, Tewari et al., 2010). The most notable function of 
Armadillo/beta-catenin-like repeat family protein in a number of protozoan parasites is its involvement 
in motility (Straschil et al., 2010, Mueller et al., 2013). During the gamete flagellar stage in P. 
falciparum, PF16 (an armadillo/beta-catenin-like repeat family protein) regulates flagellar structure 
and motility by maintaining the correct microtubule structure in the central apparatus of the axoneme, 
an essential component of flagella (Straschil et al., 2010). T. gondii TgARO (armadillo/beta-catenin-
like repeat family protein) is a critical mediator of the translocation of the rhoptry organelle to the 
apical complex (Dubremetz, 2007, Mueller et al., 2013). This complex and its components (i.e. 
rhoptries) enables the gliding motion of T gondii, which is key to the parasite’s ability to move across 
biological barriers ultimately leading to invasion of host cells. Gene knockout studies of TgARO 
demonstrated the critical nature of this protein with only 10% of mutant parasites capable of 
successfully invading host cells (Mueller et al., 2013). As an extracellular parasite, both motility and 
adhesion are essential for T. foetus pathogenicity. Although trichomonads do not ‘invade’ host cells 
like intracellular parasites, they must still penetrate the mucus layer and the basement membrane to 
bind to extracellular matrix proteins before contact with host epithelial cells (Lehker and Sweeney, 
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1999, Arroyo et al., 1992, Alderete et al., 2002). The unique armadillo/beta-catenin-like repeat family 
protein identified in parasitic bovine and feline T. foetus suggests this protein could contribute to the 
characteristic motility and consequent host-cell damage of T. foetus parasitic isolates that that would 
not be observed in a commensal isolate.  
Unique isoforms of the signalling protein, C2 domain containing protein was identified in all three 
isolates. This protein modulates calcium sensitivity, lipid selectivity and membrane binding 
mechanisms (Cho and Stahelin, 2006). Within protozoa, C2 domain containing proteins are involved 
in key processes, such as exocytosis and phagocytosis (Somlata et al., 2011, Farrell et al., 2012). 
Within the extracellular protozoan parasite, E. histolytica, phagocytosis of bacteria and host cells (i.e. 
dead epithelial, immune, and non-immune cells) is used as a means to provide nutrition and is 
therefore implicated to play important roles in parasite survival and pathogenesis (Huston et al., 2003). 
A C2 domain containing protein, EhC2PK, was found to be involved initial stages of erythrocyte 
phagocytosis with immunolocalisation studies suggesting an involvement in phagocytic cup formation 
due to the high concentration of EhC2PK in phagocytic cups. Upon overexpression of the antisense 
EhC2PK, erythrophagocytosis was reduced by 68% (Somlata et al., 2011). Bovine T. foetus 
phagocytises cells, albeit not as extensive as T. vaginalis, including host cell fragments and 
Escherichia coli (Benchimol and de Souza, 1995, Benchimol et al., 2008, Midlej et al., 2009), thus the 
presence of C2 domain containing proteins, albeit unique isoforms, in bovine, feline and porcine T. 
foetus suggests that this protein is essential to all three phenotypes of T. foetus.  
The final family of signalling proteins that potentially differentiate parasitic isolates from the 
commensal isolate are small GTP-binding proteins. These proteins are ubiquitous in eukaryotic cells 
regulating a wide variety of key cellular functions. Acting like a molecular switch they initiate and 
terminate specific key cellular functions by cycling between an inactive GDP-bound conformation and 
an active GTP-bound conformation (Eathiraj et al., 2005, Zhen and Stenmark, 2015). A number of 
subfamilies comprise this family including Ras, Rab and Rho family proteins. Ras family proteins are 
involved in regulating gene expression, growth and differentiation, while the Rab family proteins 
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regulate vesicular trafficking and membrane remodelling and the finally the Rho family proteins 
regulate the organisation of the actin cytoskeleton in eukaryotic cells (Hall, 1994, Bollag and 
McCormick, 1991, Pryer et al., 1992, Zerial and McBride, 2001). Within protozoan parasites, a 
number of GTP-binding proteins play a key role in pathogenesis. During early stages of 
trichomoniasis, up-regulation of GTP-binding protein transcripts suggests a role in the adhesion of T. 
vaginalis to host cells (Kucknoor et al., 2005a). Additionally, over-expression of the GTP-binding 
protein, EhRab11B, in E. histolytica, increased expression of both intracellular and secreted CPs, 
which are key virulence proteins involved in cytotoxicity of host cells (Mitra et al., 2007). Further 
adding to the role of GTP-binding proteins in E. histolytica pathogenesis, gene silencing of Rab8 
markedly reduced the adhesion and phagocytosis of erythrocytes and bacteria (Hanadate et al., 2016). 
Given Rab8 is involved in membrane trafficking, this result strongly supports an involvement of Rab8 
transporting essential, yet uncharacterised surface receptors key to phagocytosis (Hanadate et al., 
2016). With the role GTP-binding proteins play in regulating a ‘virulence’ phenotype in both T. 
vaginalis and E. histolytica it is plausible that these unique signalling proteins identified in both 
bovine and feline parasitic isolates could also contribute to the virulence of T. foetus.  
 Cytoskeletal rearrangement  3.4.2
Due to the limited number of virulence proteins identified following comparative analysis of 
parasitic and commensal isolates of T. foetus, a similar approach was applied comparatively analysing 
a ‘feline genotype’ against host-specific ‘bovine genotypes’. Key to survival of a parasites with a 
broad host range, are proteins involved in adapting to host niches, including those associated with 
morphology and cytoskeletal arrangement. Once such protein is actin, a conserved and ubiquitous 
protein involved in a range of critical functions including, cellular motility, intracellular transport and 
cytoskeletal structure (Kabsch and Vandekerckhove, 1992, Sheterline and Sparrow, 1994, Baum et al., 
2006). In T. vaginalis actin facilitates the changes in cell morphology, which is associated with 
increased cytoadherence to host cells (Kusdian et al., 2013). An up-regulation in actin expression was 
proposed to contribute to the parasites’ adaptive nature (Bricheux and Brugerolle, 1997, Kusdian et al., 
2013). Up-regulation of actin was highlighted in the feline T. foetus during comparative transcriptomic 
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analysis of bovine and feline T. foetus genotypes (Morin-Adeline et al., 2015a), perhaps this up-
regulation enables greater ability to undergo transformation as the feline isolate is transmitted via the 
faecal-oral route. Within this current study a similar trend was observed with actin also up-regulated 
(~3-fold) in feline T. foetus when compared with bovine T. foetus and provides further evidence 
highlighting the need to investigate the role of actin in T. foetus virulence.  
 Tritrichomonas foetus metabolism is versatile to allow for adaptation to 3.4.3
its host niche  
Metabolic pathways are often streamlined in both parasitic and commensal organisms. Yet to 
enable protozoa to subvert and survive host defences and the dynamic host niche of a cow/bull’s 
urogenital tract, cat’s lower intestinal tract and a pig’s nasal and gastrointestinal tract, a highly 
versatile metabolism is required. The majority of T. foetus metabolic research has either focused on 
bovine T. foetus or has been assumed as a result of research performed on T. vaginalis. Energy 
production in the form of ATP is mainly produced via fermentative glycolysis within the cytoplasm 
and substrate level phosphorylation within the hydrogenosome, the energy-producing organelle of 
trichomonads (Figure 3.14) (Lindmark and Muller, 1973, Cerkasov et al., 1978, Muller and Lindmark, 
1978, Hrdy et al., 1993, Müller et al., 1998, Muller et al., 2012). One of the fundamental causes of 
metabolic shifts in trichomonad metabolism is the change in environmental conditions, such as 
exposure to drugs, metal ion concentration, nutrient restrictions and temperature (Kulda, 1999, Fang et 
al., 2015, Quintas-Granados et al., 2013, Vanacova et al., 2001, Huang et al., 2014). Given that T. 
foetus survives within its host, albeit with these varying conditions, demonstrates the metabolic 
versatility of trichomonads and offers an exciting model to understand how unicellular eukaryotes can 
adjust their metabolism in response to the pressure of a changing environment (Kulda, 1999). 
Hydrogenosomal metabolism is dependent upon iron-sulfur (Fe-S) containing proteins: ferredoxin, 
pyruvate:ferredoxin oxidoreductase and hydrogenase. Therefore, exposure of bovine T. foetus to lower 
iron concentrations greatly reduces the expression of two enzymes and consequently redirects 
hydrogenosome metabolism to cytoplasmic glycolytic pathways that makes use of non-iron containing 
enzymes (Johnson et al., 1993, Sutak et al., 2004, Vanacova et al., 2001). A similar result was also 
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observed in metronidozle resistant T. foetus parasites, where carbohydrate metabolism was altered 
with the loss of pyruvate:ferredoxin oxidoreductase activity in hydrogenosomes. The subsequent loss 
of ATP from the hydrogenosome is compensated by an increase in cytoplasmic glycolysis, where 
ethanol is the dominant end-product (Cerkasovova et al., 1984). This current study identified a number 
of differentially abundant cytosolic and hydrogenosomal proteins amongst the T. foetus isolates 
involved in carbohydrate metabolism and energy production. Enzymes related to carbohydrate 
metabolism were identified in bovine, feline and porcine T. foetus. The only exception to this is 
glycogen phosphorylase (GP) (catalyses the reaction of glycogen to glucose-1-phosphate) was not 
identified in the porcine isolate. Upon closer examination of the results, GP was present in the porcine 
isolate, however the protein was not included in the final results as it failed to meet the strict criteria 
specified in Section 3.2.7 as the same GP isoform was not present in all three independent biological 
replicates. Although the metabolic enzymes identified in this analysis were present in all three host-
specific isolates, it could be the isoforms or proteoforms that contribute to the unique host tropism of 
the three isolates. A similar finding was also detected in the comparative analysis of pathogenic and 
non-pathogenic isolates of T. vaginalis (Cuervo et al., 2008). Cuervo et al. (2008) only identified 
isoforms of metabolic enzymes, malate dehydrogenase and lactate dehydrogenase as being 
differentially abundant. Overall, this current study confirms the presence of a versatile group of 
carbohydrate metabolic enzymes necessary for energy production in a parasite with a wide host range.  
The presence of pyruvate decarboxylase and alcohol dehydrogenase provides insight into the 
potential mechanisms whereby parasites compensate for impaired production of hydrogenosomal 
energy in varying host environmental niches. Remarkably, certain isoforms of the Fe-S 
hydrogenosomal proteins, pyruvate:ferredoxin oxidoreductase A and hydrogenase were down-
regulated in feline T. foetus, which could be a reflection of the low concentration of exogenous iron 
available in the feline gastrointestinal tract when compared with the bovine urogenital tract (Vanacova 
et al., 2001). Interestingly, similar to the results described in Chapter 2, two isoforms of ROK 
(Repressor, ORF, Kinase) family protein were identified as being down-regulated (and thus 
upregulated in the bovine genotype) in the ‘feline genotype’ when compared to the ‘bovine genotype’. 
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This family includes the kinase, glucokinase, the first enzyme in the process of glycolysis that 
catalyses the phosphorylation of glucose to glucose-6-phosphate (Meyer et al., 1997, Brasen et al., 
2014). Galactokinase was identified with four isoforms up-regulated in the porcine isolate when 
compared with the parasitic T. foetus isolates. The contribution of these differentially abundant 
metabolic kinases in organ/host tropism is unknown. Though, a similar occurrence was observed 
where galactokinase was up-regulated in a non-pathogenic isolate of E. histolytica during comparative 
proteomic analysis with a pathogenic isolate (Biller et al., 2009). Additionally, similar to the 
transcriptomic analysis, homologues of pyrophosphate-dependent pyruvate phosphate dikinase were 
identified in all three T. foetus isolates (Morin-Adeline et al., 2015b). This enzyme catalyses the same 
reaction, which was previously thought to be limited to ATP-dependent pyruvate kinase (Hrdy et al., 
1993, Mertens et al., 1992). Pyruvate phosphate dikinase requires a small amount of free energy and 
bypasses the irreversible glycolytic step catalysed by pyruvate kinase (Mertens, 1993). In addition, it 
also catalyses the reverse synthesis of phosphoenolpyruvate from pyruvate and thus offers an 
additional biochemical versatility for the use of alternative metabolic pathways depending on nutrient 
availability (Mertens, 1993). The presence of these enzymes implies that alternation between 
glycolytic and hydrogenosomal energy-producing pathways is possible depending on the nutrient 
environment and may facilitate the parasites survival within its three hosts. 
 Moonlighting proteins 3.4.3.1
A number of metabolic enzymes also contribute to the ‘streamlined’ nature of parasites by 
performing a dual-function, moonlighting as virulence proteins. These enzymes are involved in key 
processes including motility, adhesion, invasion, differentiation and development (Jewett and Sibley, 
2003, Moreno-Brito et al., 2005, Labbe et al., 2006, Lama et al., 2009). Although this has not been 
investigated in T. foetus, in T. vaginalis the hydrogensomal enzymes; pyruvate:ferredoxin 
oxidoreductase, adhesin protein (AP)120), malic enzyme (AP65) and the α- and β-subunits of succinyl 
coenzyme A synthetase (AP33) have been localised on the cell surface. These enzymes have been 
proposed to play important roles in adhesion of T. vaginalis to human vaginal epithelial cells 
(HVECs), which is a fundamental step for survival of both extracellular parasites and commensals 
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within their host niche (Engbring and Alderete, 1998, Engbring et al., 1996, Pancholi and Chhatwal, 
2003, Moreno-Brito et al., 2005, Meza-Cervantez et al., 2011, Mundodi et al., 2008). In addition to 
moonlighting as an adhesions, immunogenic assays also identified pyruvate:ferredoxin oxidoreductase 
(AP120) to elicit a host immune response (Moreno-Brito et al., 2005). Previous analysis demonstrated 
the role of TvAP65 in adhesion when this protein was expressed heterologously in T. foetus. Bovine T. 
foetus adhesion is specific to bovine vaginal epithelial cells and thus adhesion to HVECs is normally 
quite poor. However, following expression of this AP an increase in adhesion to HVECs was evident 
(Kucknoor et al., 2005b). AP65-2 was also identified as unique to the bovine isolate when compared 
with the feline isolate and given its role in regulating adhesion may also contribute to the host-
specificity of bovine T. foetus (Arroyo et al., 1992). 
Likewise, glycolytic enzymes, glyceraldehyde-3-phosphate dehydrogenase triosephosphate 
isomerase and enolase from T. vaginalis have also been detected on the surface of trichomonads. 
These enzymes bind fibronectin, laminin plasminogen, respectively (Miranda-Ozuna et al., 2016, 
Lama et al., 2009, Mundodi et al., 2008). Although the role fructose-1,6-bisphosphate aldolase plays 
in virulence has not been identified in trichomonads, in T. gondii, conditional knockdown of the 
fructose 1,6-bisphosphatase isoforms, TgFBP1 and TgFBP2, demonstrated TgFBP2 is required for 
parasite replication in host cells and virulence in mice. Interestingly, TgFBP2, was the only isoform 
involved in both gluconeogenesis and glycolysis pathways. This versatility suggests TgFBP2 may 
constitute a regulatory mechanism that allows T. gondii to rapidly adapt to nutrient changes different 
host niches and highlights this enzyme as a potential drug target (Blume et al., 2015). Furthermore, 
cross-linking assays have identified fructose-1,6-bisphosphate to display actin-binding properties in 
the parasite, Echinococcus granulosus (Lorenzatto et al., 2012).  
All the metabolic enzymes mentioned above were identified in this analysis and the differential 
abundance of these potentially virulent proteins could account for the unique host/organ tropism 
between isolates. Of particular interest is the different isoforms of fructose-1,6-bisphosphate aldolase 
and pyruvate:ferrodoxin oxidoreductase A identified as being unique in the feline parasitic isolates of 
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T. foetus when compared with commensal T. foetus, while a different isoform of these two metabolic 
enzymes was unique to the porcine isolate (fructose-1,6-bisphosphate aldolase and 
pyruvate:ferrodoxin oxidoreductase A). Similar to the comparative analysis in Chapter 2, isoforms of 
fructose-1,6 bisphosphate aldolase (Bc12_comp_9913_c0_seq1, PigTf_comp_11063_c0_seq1 and 
Bc12_9916_c0_seq1) were more abundant in the bovine isolate when compared with the feline isolate. 
Moreover, fructose-1,6-bisphosphate aldolase was also highlighted as a druggable protein in both 
bovine and feline T. foetus (Morin-Adeline et al., 2014). Taken together, these results suggest 
fructose-1,6-bisphosphate aldolase would be an attractive target for future drug trials and the different 
isoforms unique to each T. foetus isolate may be key to its host-specific adaptation. The identification 
of these proteins contributes to the understanding of the versatile, yet multifactorial and complex 
mechanisms of metabolic proteins and supports the functional diversity of trichomonad proteins. 
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Figure 3.14: Schematic diagram depicting versatile repertoire of metabolic enzymes in bovine (blue), 
feline (red) and porcine (green) Tritrichomonas foetus involved in (A) glycolysis and (B) 
hydrogenosome metabolism. Each square with an accession number represents a protein isoform 
identified during the comparative proteomic analysis of bovine, feline and porcine T. foetus. The , 
and ■ represent upregulated, downregulated and unchanged proteins, respectively, in the parasite 
proteomes compared with the commensal pig proteome and , and ■ represent upregulated, 
downregulated and unchanged proteins, respectively in the ‘feline genotype’ compared with a ‘bovine 
genotype’. AE, aldose 1-epimerase; ADH, alcohol dehydrogenase; ADP, adenosine diphosphate; AK, 
adenylate kinase; AMP, adenosine monophosphate; ASCT, acetate:succinate CoA-transferase; ASCT, 
acetyl:succinate coenzyme A-transferase; ATP, adenosine triphosphate; CoA, coenzyme A; FBPA, 
fructose-1,6-bisphosphate aldolase; FR, Fumerate reductase; GAPDH, glyceraldehyde 3-phosphate 
dehydrogenase; GK, glucokinase; GP, glycogen phosphorylase; GPase, glycerol-3-phosphatase; GPI, 
glucose-6-phosphate isomerase; GPDH, glycerol-3-phosphate dehydrogenase; Hyd, hydrogenase; 
MDH, malate dehydrogenase; ME, malic enzyme; NADH; nicotinamide adenine dinucleotide + 
hydrogen; PD, pyruvate decarboxylase; PEPCK, phosphoenolpyruvate carboxykinase; PFK, 
phosphofructokinase; PFOR, pyruvate:ferredoxin oxidoreductase; PGK, phosphoglycerate kinase; 
PGluM, phosphoglucomutase or phosphomanomutase; PGlyM, phosphoglycerate mutase; PPDK, 
pyruvate phosphate dikinase; PYK, pyruvate kinase; ROK, Repressor, open reading frame, kinase; 
SCoS, succinyl-CoA synthetase; TPI, triosephosphate isomerase; Pi, inorganic phosphate; P, 
phosphate group (phosphoric acid, PO4
2–
) attached to a metabolite. 
 
It is important to reiterate the analysis performed in this study sought to identify the relationship 
between the three T. foetus isolates, irrespective of a host influence. Previous analysis has 
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demonstrated bovine and porcine T. foetus to colonise both bovine and porcine hosts and therefore 
suggests these isolates display a greater phenotypic plasticity than feline T. foetus. Although porcine T. 
foetus is regarded as a harmless commensal of the nasal cavity and intestinal tract of pigs, 
experimental infections of porcine T. foetus into a bovine urogenital tract are effective at causing 
infection (Fitzgerald et al., 1958b). For this reason, it appears the boundaries between commensalism 
and parasitism are not fixed, but rather fluid and determining the relationship is dependent on factors 
from the parasite and host (Méthot and Alizon, 2014). This is not unusual as recent analysis of 
transcriptomes of E. histolytica exposed to different environments identified changes in environmental 
conditions that trigger expression of virulence genes (Weber et al., 2016). Even though a decade has 
passed since the identification of T. foetus as the causative agent of feline trichomoniasis, the mystery 
surrounding T. foetus and the factors that influence its host range is still confounding. It is becoming 
more and more apparent that pathogenicity of protozoa is highly dependent on the interplay between 
both parasite and host factors (Casadevall and Pirofski, 1999). Therefore, in order to have a complete 
understanding of host/tissue tropism, characterisation of the host factors influencing T. foetus 
virulence is needed as well as proteomic studies, to characterise protein expression following host-
parasite interactions.  
 Variant surface protein profiles of T. foetus are distinct 3.4.4
One such strategy employed by parasites to evade the host immune response involves continuous 
switching of a highly immunogenic family of variant-specific surface proteins (VSPs). These VSPs are 
expressed on the trophozoite’s surface and post-transcriptional regulation ensures a single VSP is 
expressed at any given time (Prucca et al., 2008). This method of antigenic variation and consequent 
immune evasion has been thoroughly investigated in the lumen dwelling parasite, G. duodenalis 
(Adam et al., 2010). These proteins are not only responsible for immune evasion, but are also involved 
in adaptation to the host environmental niche (Prucca and Lujan, 2009, Ankarklev et al., 2010, Adam 
et al., 2010). Recent quantitative proteomic analysis identified heterogeneous VSP profiles between a 
zoonotic (B-2041) and human-derived (H-106) isolate of G. duodenalis (Emery et al., 2014). It was 
hypothesised that the greater number of VSPs conserved in both the trophozoite and encysted form of 
CHAPTER 3: LABEL-FREE QUANTITATIVE PROTEOMIC ANALYSIS OF T. FOETUS BOVINE, FELINE AND PORCINE ISOLATES 165 
B-2041 when compared with the H-106 isolate could contribute to the wide host range of B-2041 
isolate (Emery et al., 2015). Here, a VSP was only identified in the ‘bovine genotype’ (bovine and pig 
isolate). This VSP falls within the limits of detection for this method, so this does not preclude its 
expression in the feline genotype, it purely draws attention to the different profiles of these antigenic 
proteins in the two genotypes and suggests expression of this protein species in the bovine genotype 
could contribute to the wide host range of the bovine genotype.  
Another family of surface proteins displaying a heterogeneous profile between the bovine, feline 
and porcine T. foetus isolates were immuno-dominant variable surface antigens. Originally, isoforms 
of immuno-dominant variable surface antigens, M17 were identified in pathogenic and non-pathogenic 
E. histolytica isolates and were immunogenic to 70% of sera from infected patients (Edman et al., 
1990). Interestingly, only slight sequence variation was evident between different isolates with similar 
pathogenic properties. However, ~13% sequence divergence was evident amongst pathogenic and 
non-pathogenic strains (Edman et al., 1990). We identified four isoforms in the bovine isolate 
(Bc12_comp9838_c0_seq4, Bc12_comp10399_c0_seq1, PigTf_comp11356_c0_seq1, 
Bc12_comp3659_c0_seq1), of which three were also identified in the porcine isolate 
(Bc12_comp10399_c0_seq1, PigTf_comp11356_c0_seq1, Bc12_comp3659_c0_seq1). Interestingly, a 
separate isoform was unique to feline isolate (G10_comp3520_c0_seq1). Although it is tempting to 
speculate differential expression of isoforms from this immuno-dominant variable surface antigen 
protein family might be playing an important role in mediating surface antigen variation, allowing the 
pathogen to avoid adaptive immune responses, further evidence is needed. More recent proteomic 
analysis of this protein in E. histolytica has suggested immuno-dominant variable surface antigen to 
accumulate at the surface of the parasite phagosomes and uropods and play a role in phagocytosing 
apoptotic human cells (Marquay Markiewicz et al., 2011, Okada et al., 2005, Marion and Guillen, 
2006). Analysis of these sequences with InterProScan detected conserved domains (peptidase family 
M60 domain (IPR031161), PA14 domain (IPR011658) and galactose-binding domain-like 
(IPR008979)) similar to those identified in T. vaginalis immuno-dominant variable surface antigen, 
involved in glycan binding (de Groot and Klis, 2008, de Miguel et al., 2010, Jones et al., 2014). In 
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silico characterisation of the conserved M60 domain strongly supports the domain is a zinc-
metallopeptidase that targets host glycoproteins, such as mucins and together with the other glycan-
binding domains has been shown to play an important role in colonisation of mucosal surfaces by a 
diverse range of commensal and pathogenic microbes (Nakjang et al., 2012). Although important roles 
for this protein is anticipated in T. foetus, biochemical analyses are necessary to identify the range, and 
properties of host proteins that immuno-dominant variable surface antigen can target. Taken together 
these results suggest immuno-dominant variable surface antigen could contribute to the host tissue 
tropism in parasitic bovine, feline T. foetus and commensal porcine T. foetus. It also highlights the 
similarity of immuno-dominant variable surface antigen profiles in bovine and porcine T. foetus 
isolates when compared with the feline isolate further confirming the bovine and porcine isolate to be 
a part of the same genotype.  
 CP profiles of T. foetus are distinct 3.4.5
CPs have been the focus of T. foetus research given their role in pathogenesis in both cats and cattle 
(Singh et al., 2005, Lucas et al., 2008, Tolbert et al., 2014). Classified as hydrolases, CPs are involved 
in involved in degrading immunoglobulin G (IgG) antibodies, complement component 3, matrix 
proteins, fibronectin and fibrinogen (Talbot et al., 1991, Bastida-Corcuera et al., 2000). Moreover, 
inhibitor studies using the CP specific inhibitor, E-64, have also found T. foetus CPs are involved in 
inducing apoptosis of bovine vaginal epithelial cells as well as adhesion and subsequent cytotoxicity 
of intestinal epithelium (Tolbert et al., 2014, Singh et al., 2004, Singh et al., 2005). Experimental 
infection studies of T. foetus, highlighting the host tropism of bovine and feline isolates, have alluded 
the host-specificity results from a unique profile of virulence factors (Stockdale et al., 2007, Stockdale 
et al., 2008). Recent analyses of the transcriptomes of these three T. foetus isolates identified a 
distinction between the virulent CP profiles of the ‘bovine genotype’ (BP-4 and PIG30/1) and ‘feline 
genotype’ (G10/1) with TfCP8 being the most transcribed CP in the ‘bovine genotype’ and TfCP7 
being most transcribed CP in the ‘feline genotype’(Morin-Adeline et al., 2014, Morin-Adeline et al., 
2015b). TfCP8 is believed to play a role in virulence in bovine hosts, inducing apoptosis of bovine 
genital epithelial cells (Singh et al., 2004). Previous proteomic analysis of T. vaginalis and E. 
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histolytica have revealed different CP profiles exist between high and low virulent isolates with down-
regulation of CPs in the low-virulent isolates (Biller et al., 2009, De Jesus et al., 2009). 
 Both the quantitative proteomic analysis as well as the CP specific fluorogenic substrate analysis 
also confirmed a unique profile exists between the three T. foetus isolates. Similar to the transcriptome 
analysis of bovine and porcine isolates, a CP (Bc12_comp7439_c0_seq1) with homology to CP8 was 
the most abundant CP in bovine and porcine T. foetus and was down-regulated in the feline (G10/1) 
isolate (Morin-Adeline et al., 2014, Morin-Adeline et al., 2015b). In contrast to the transcriptomic 
analysis of feline T. foetus, yet in agreement with Chapter 2, CP7 was not the most abundant CP in the 
feline genotype. An up-regulation of another CP (G10comp10392_c0_seq1) in the feline isolate was 
identified, however, further highlighting the unique CP profile between the ‘bovine’ and ‘feline 
genotypes’. The up-regulation of CP8 in bovine T. foetus (BP-4) and porcine (PIG30/1) T. foetus could 
be the reason experimental infections of a porcine T. foetus in a bovine host was successful (Fitzgerald 
et al., 1958b). However, it must be noted that comparison of CP8 from the bovine and porcine isolates, 
identified a 3.4-fold increase of the log NSAF value in the bovine isolate when compared with the 
porcine isolate and no other porcine CP was up-regulated when compared with the bovine isolate, 
which could be attributed to its commensal phenotype. Given the critical nature of CPs in virulence, 
further distinction between CP7 and CP8 may only be evident in other proteins fractions such as the 
secretome. While it may be the case that CP8 is a key virulence factor enabling the parasite to 
successfully infect cattle, the diversity of CP profiles when compared with feline T. foetus (G10/1) 
suggests future research should focus on the effect these varying CP profiles influence virulence in 
cattle and cats. In addition, a CP (Bc12_comp10646_c0_seq1) was identified as a druggable target in 
the bovine isolate, while an inhibitor of CPs, a phytocystatin-like peptidase inhibitor 
(G10_comp7405_c0_seq1) was also highlighted as a potential drug target in the feline genotype, 
which would be ideal targets given CPs role in host-parasite interactions. 
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 Gel-free and in-gel proteomic platforms are complementary  3.4.6
One of the aims of this study was to ascertain whether gel-based or gel-free proteomic analysis 
supersedes the other platform in terms of quantitative data attained. Although the gel-based and gel-
free methods are designed for quantitative proteomics both are unique in their approach. Gel-based 
methods take a top-down approach that analyses intact protein species prior to MS analyses, while gel-
free methods take a bottom-up approach were proteins are digested into peptides prior to analysis 
(Rabilloud and Lelong, 2011, Zhang et al., 2013). Based on the quantitative proteomic analyses 
performed here and in Chapter 2, the different strategies available offer both strengths and 
weaknesses. A limitation of gel-based methods highlighted within the 2DE analysis performed in 
Chapter 2 is the underrepresentation of membrane proteins. This is normally attributed to the 
heterogeneous, hydrophobic, and low abundance nature of these membrane proteins (Rabilloud, 
2003). Membrane proteins serve as platforms for signalling, trafficking, transport and cell structure. 
Approximately 30% of the genome is comprised of membrane proteins (Santoni et al., 2000, Tan et 
al., 2008). More importantly, a number of membrane proteins interact with the host, so it is not 
surprising that 60% of existing and future drug targets are membrane proteins (Hopkins and Groom, 
2002). Various membrane solubilising agents were used in preparing protein samples for 2DE, 
including chaotropes, urea and thiourea and CHAPS, a zwitteronic detergent, to enhance the 
solubilisation of these proteins. Even so, the in-gel analysis of Chapter 2 only identified ~4% (4/50 
bovine T. foetus and 0/50 feline T. foetus) of the top 50 most abundant proteins with predicted 
transmembrane helices (Rabilloud, 1998, Santoni et al., 2000). In contrast, the gel-free analysis, saw a 
substantial increase in the identification of membrane proteins with ~18% (10/50 bovine T. foetus and 
8/50 feline T. foetus) of the top 50 most abundant proteins predicted to contain transmembrane helices. 
The proportion of membrane proteins identified in the gel-free analysis still did not reach the 
estimated 30% and highlights that limitations of gel-free methods in the analysis of membrane proteins 
also exist. This could be overcome through the use of subcellular fractionation techniques. An 
approach which would enable the enrichment and potential identification of proteins involved in host-
parasite interactions which will be described in Chapter 4.  
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The correlation between expression levels of mRNA and protein are notoriously poor, owing to the 
highly dynamic and complex nature of proteomes when compared with genomes (Vogel and Marcotte, 
2012, Maier et al., 2009, Schwanhausser et al., 2011). This is attributed to the physicochemical 
properties of amino acids, PTMs and alternative splicing, which is further complicated by the 
interconnectivity of proteins as complexes and signalling networks that are highly divergent (Altelaar 
et al., 2013). This was highlighted during the comparison of the most highly expressed genes 
identified in the T. foetus transcriptome analysis with the most abundant proteins identified here in this 
quantitative proteomic analysis (Morin-Adeline et al., 2014). A poor correlation between T. foetus 
mRNA content and translated protein levels were revealed with only 8% and 18% of the most 
abundant proteins found to be amongst the most highly abundant mRNA transcripts of the bovine and 
feline isolates, respectively (Morin-Adeline et al., 2014). Interestingly, this is lower than the 26% and 
28% of highly abundant proteins identified in a similar comparison with the highly abundant mRNA 
transcripts during the gel-based analysis performed in Chapter 2. This information suggests a greater 
correlation exists between mRNA and in-gel quantitative proteomic methods than the gel-free 
quantitative proteomic methods.  
As discussed in Chapter 2, the lack of correlation between the transcriptome and proteome could be 
attributed to variations during sample preparation and the isolation procedure. Moreover, the parasites 
may have been isolated at different stages of their growth curve, which could influence gene 
expression. In order to confirm this discrepancy, relative mRNA expression of the differentially 
abundant proteins could be assessed using reverse transcriptase quantitative PCR (RT-qPCR). RT-
qPCR was shown to correlate with proteomic data in a study comparing the surface proteomes of T. 
vaginalis isolates with varying host-cell adherence capacities (de Miguel et al., 2010). Here, de Miguel 
et al. (2010) demonstrated that five proteins (TVAG_166850, hypothetical protein; TVAG_244130, 
hypothetical protein; TVAG_020780, Ser/Thr protein phosphatase family protein; TVAG_110300, 
hypothetical protein; TVAG_147050, hypothetical protein) identified as highly abundant in highly 
adherent isolates of T. vaginalis were also up-regulated in the RT-qPCR analysis. These authors then 
went onto transfect two of the up-regulated proteins (TVAG_166850 and TVAG_244130) into less 
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adherent isolates and showed  these proteins do influence adhesion as adhesion of transfected parasites 
increased by ~2.1 and ~2.2- fold. Performing a similar workflow on T. foetus host specific isolates, 
may provide a true role of these differentially abundant proteins in T. foetus host adaptation. Not only 
this, RT-qPCR also could be applied to other isolates within the same genotype to confirm differential 
abundance of proteins is due to genotypic variation and not merely intrastrain variation. 
A limited number of unique virulence-related proteins were identified in the comparative analysis 
of parasitic and commensal T. foetus isolates. Indeed, this could be due to the expression of 
housekeeping proteins overshadowing those related to virulence and suggests future research should 
focus on those protein fractions directly involved in host-parasite interactions, such as secreted or 
membrane protein fractions. Another plausible reason for the lack of virulence-related proteins could 
be that proteoforms are defining the parasitic phenotype (Gault et al., 2014). Proteoforms are 
molecular forms of gene products (i.e. proteins) produced from events such as alternative splicing, 
sequence polymorphisms, proteolysis and post-translational modifications (PTMs) (Smith et al., 
2013). These modifications create distinct proteins that modulate a wide variety of biological process, 
including cell signalling, gene regulation and protein complex activation (Sun, 2008, Norris et al., 
2016, Tang et al., 2012).  
Given that the pathogenesis of parasitic diseases is based on the operation of functional, modified 
proteoforms in their natural context, and not tryptic peptides, suggests proteomic analysis that involves 
the characterisation of proteoforms may be a more strategic approach, enabling the identification of 
key proteins including biomarkers or virulent factors. In Neiserria meningitidis over 20 different 
proteoforms of a class II pilin have been identified (Gault et al., 2015). This protein comprises an 
extracellular organelle termed IV pili (Pelicic, 2008), which has been identified as a key virulence 
factor as it facilitates adhesion, host signalling, competence and motility (Giltner et al., 2012). The 
class II pilin sequence contains multiple glycosylation sites and the different combinations of glycan 
moieties give rise to some of the different proteoforms. Altering the sugar structure and thus the 
proteoform of class II pilin mediates immune evasion. Interestingly, the absence of glycosylation in 
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certain proteoforms of class II pilin affected pilus biogenesis, leading to a less ‘adherent’ phenotype 
(Gault et al., 2015). Differentiating between proteoforms using gel-free ‘bottom-up’ LC-MS/MS 
methods is impossible simply because the global protein abundance of a protein is quantified rather 
than at a proteoform level and variants of peptides normally overshadow those peptides producing a 
unique proteoform (Kubota et al., 2005). The analysis of the 50 most abundant protein spots in 
Chapter 2 identified 36% (36/100 proteins) of proteins as proteoforms based on their variation in 
observed MW and pI, information which is impossible to be characterised using the ‘bottom-up’ LC-
MS/MS approach applied in this study (Schluter et al., 2009).  
In addition to this, other issues associated with performing a ‘bottom-up’ approach include protein 
interference, connectivity, and incomplete sequence/modification information (Nesvizhskii and 
Aebersold, 2005). Taken together, these reasons, are leading to an interest in a gel-free ‘top-down’ 
approach similar to 2DE, whereby LC-MS/MS analyses intact proteoforms of proteins that have not 
been subjected to enzymatic digestion (Tran et al., 2011, Toby et al., 2016). Over the last decade, 
significant progress has been made to enhance the sensitivity and applicability of this methodology. 
Yet despite evidence of its success as a tool to differentiate between proteoforms, this approach still 
faces challenges. Issues with protein solubility, separation and detection of large proteins, suggest that 
‘top-down’ gel-based proteomic methods still may be the optimal method of choice to identify 
proteoforms (Gregorich and Ge, 2014, Compton et al., 2011, Kellie et al., 2012, Toby et al., 2016). 
Without integrating information from alternative proteomic methods, it would be impossible to attain 
both a global and comprehensive overview of the proteome and thus vital information pertaining to 
virulence may be withheld. In this regard, both gel-based and gel-free methods should be considered 
complementary, therefore neither method should be discredited nor disregarded (Rogowska-
Wrzesinska et al., 2013). This highlights that future proteomic analysis should not be limited to one 
standard method, but should be customised according to the sample to be analysed and the overall 
objective in mind (Rogowska-Wrzesinska et al., 2013, Oliveira et al., 2014, Coorssen and Yergey, 
2015).  
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 CONCLUSION 3.5
Here we have performed the most comprehensive quantitative proteomic analysis of T. foetus host-
specific isolates that formed parasitic or commensal relationships with their host. The T. foetus porcine 
(PIG30/1) proteome is the first proteome analysis of T. foetus isolated from a porcine host. 
Comparative proteomic analysis of bovine and feline T. foetus against porcine T. foetus proteomes 
reveals that signalling proteins involved in host-parasite interactions are up-regulated in parasitic 
isolates. Moreover, a versatile repertoire of metabolic enzymes that potentially moonlight as virulence 
factors appears to enable adaptation to the unique organ/host tropism of each isolate. Interestingly, 
intrastrain variability of the bovine (BP-4) and porcine (PIG30/1) proteome from the ‘bovine 
genotype’ was more similar than the ‘feline genotype’ with porcine (PIG30/1) T. foetus sharing ~67% 
of proteins with bovine T. foetus compared with the ~60% similarity when compared with feline 
(G10/1) T. foetus. The similarity between the porcine (PIG30/1) and bovine (BP-4) proteomes extends 
to CPs, where CP8 is the most abundant CP in the bovine and porcine isolate. This current proteome 
analysis of T. foetus in axenic culture provides a baseline proteome of T. foetus isolates. 
Understandably further analysis of proteomes from other host-specific isolates (i.e. bovine, feline and 
porcine) is warranted to ensure that the unique features identified in these genotypes are based on 
genotypic variation and are not a result of intrastrain variation. Nevertheless, this analysis will serve as 
a useful resource for future proteomic analyses following host-parasite interaction with the host-
adapted parasites and their respective host niches.  
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 APPENDIX  3.6
 All reproducible proteins identified using LC-MS/MS following isolation 3.6.1
of the total cellular protein of bovine, feline, porcine Tritrichomonas 
foetus isolates. Data includes non-redundant spectral counts, NSAF 
(normalised spectral abundance factors) values MW (molecular mass), 
AA (number of amino acids) and if transmembrane helices were 
predicted. Tab one contains the data for the bovine isolate (BP-4), the 
second tab contains the data for the feline isolate (G10/1) and the third 
tab contains the data for the porcine isolate (PIG30/1). 
https://www.dropbox.com/s/tvj799pw22tlz0h/Appendix%203.6.1.xlsx?dl=0 
 
 
 Differentially abundant proteins identified using LC-MS/MS of the total 3.6.2
cellular protein of fractions of bovine, feline and porcine 
Tritrichomonas foetus isolates. Data includes non-redundant spectral 
counts, average log NSAF (normalised spectral abundance factors) 
values, log NSAF (normalised spectral abundance factors) values and P 
between the two comparatively analysed isolates. Tab one contains 
the data for the bovine (BP-4) isolate versus feline (G10/1) isolate 
differentially abundant proteins, tab two contains the data of the 
bovine (BP-4) isolate versus the porcine (PIG30/1) isolate and tab 
three the date for the feline (G10/1) isolate versus the porcine 
(PIG30/1) isolate.  
https://www.dropbox.com/s/osgilo3j71dt1jw/Appendix%203.6.2.xlsx?dl=0 
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 INTRODUCTION 4.1
Proteins secreted/excreted from parasites contain integral molecules that underpin host-pathogen 
interactions. Collectively known as the secretome, this fraction includes extracellular matrix (ECM) 
proteins, vesicle proteins (i.e. microsomal vesicles, exosomes and ectosomes) and proteins shed from the 
parasite’s cell membrane (Zhou et al., 2010, Desvaux et al., 2009, Tjalsma et al., 2000, Szempruch et al., 
2016). These proteins are vital to a number of processes, including host-adaptation, development, 
adhesion, proteolysis, immunoregulation and ECM organisation (Hewitson et al., 2009, Mendoza-Lopez 
et al., 2000). The role they play in manipulating and altering the host niche denote secreted proteins as 
crucial in establishing a successful infection. Thus, it is not surprising that parasite secretomes could 
provide important insight to the biological relationships between host-adapted populations (i.e. 
genotypes). Furthermore, secreted proteins could be promising drug targets for the development of novel 
therapeutic strategies, biomarkers of parasitic infection and a source of candidates for vaccine 
development (Bonin-Debs et al., 2004, Bayer-Santos et al., 2013, Sanchez-Ovejero et al., 2016, Steffen et 
al., 2016).  
Within the protozoan Entamoeba histolytica, the secreted protein pyruvate phosphate dikinase was 
identified as a potential biomarker and its recombinant form has been used to develop a lateral flow 
dipstick test to rapidly detect amoebic liver abscess (Wong et al., 2011, Saidin et al., 2014). 
Immunomodulatory secreted proteins from protozoan parasites have also been highlighted as potential 
vaccination targets. In Toxoplasma gondii, microneme-associated proteins (MIC3), a protein involved in 
parasite invasion and immunopathogenesis mediation, evoked a TNF-α secretory response as well as 
macrophage M1 polarization, which suggests that MIC3 is a potential vaccine candidate for 
toxoplasmosis (Ismael et al., 2003, Qiu et al., 2016).  
As highlighted previously in this thesis, bovine and feline Tritrichomonas foetus genotypes differ with 
respect to host range, organ niche, pathogenicity and route of transmission (Yao and Koster, 2015a, Rae 
and Crews, 2006). Although knowledge of T. foetus biology has steadily increased, the molecular 
mechanisms underlying these differences between T. foetus genotypes are still poorly understood. 
Cellular studies of T. foetus clinical isolates have demonstrated that T. foetus is capable of causing two 
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separate infections with an inability to produce the same pathology upon experimental infection of a 
clinical isolate in an unnatural host (i.e. a feline isolate in the urogenital tract of a cow and vice versa) 
(Stockdale et al., 2007, Stockdale et al., 2008). Intriguingly, based on these results, it has been suggested 
that the histopathological differences observed between the two genotypes may be influenced by 
molecules released (i.e. the secretome) by the parasite at the host-parasite interface (Stockdale et al., 
2007, Stockdale et al., 2008). This is not a surprising hypothesis given that proteins involved in host-
parasite interactions tend to influence host-specificity/adaptation than those proteins purely restricted to 
intracellular locations (Soldati et al., 2004, Carlton et al., 2008, Emes and Yang, 2008). Moreover, these 
findings would justify the similarity identified between the whole cell lysates in Chapter 2 and Chapter 3. 
Despite the importance of the secretomes, to our knowledge no studies have focused on characterising 
this proteome fraction from T. foetus. Analysis of T. foetus secretomes provides an ideal opportunity to 
study the relationship of bovine and feline T. foetus genotypes and elucidate those molecules governing 
this host tissue tropism.  
It is commonly accepted that trichomonads secrete proteins into the medium which are thought to be 
involved in key pathogenic processes such as nutrient acquisition and immune evasion (Thomford et al., 
1996, Lockwood et al., 1988, Talbot et al., 1991). However, only two proteins from bovine T. foetus 
secretomes have been analysed (Lucas et al., 2008, Singh et al., 2001a). Both proteins were identified as 
virulence factors, with one being a soluble glycosylated antigen (SGA2) and the other a cysteine protease 
(CP), CP8 (also known as CP30) (Singh et al., 2001a, Singh et al., 2005, Singh et al., 2004). Little is 
known about SGA2, although it has been implicated to play a role in pathogenesis and immunity (Singh 
et al., 2001a). As a secreted antigen, SGA2 may be used by T. foetus as a ‘decoy’ to evade the host 
immune response (Singh et al., 2001a). If antibodies target SGA2 once it is released from the parasite, the 
antibody would have no effect on T. foetus and would be unable to immobilise the parasite, prevent 
adhesion, mediate complement killing or opsonisation. 
The other secreted protein, CP8 is a member of the CP family comprised of proteins known to be key 
virulence factors within trichomonads (Mallinson et al., 1995). Evidence of CPs being involved in 
adherence, nutrient acquisition, immune evasion and host cell cytotoxicity highlights the role this 
protease family plays in pathogenesis (Alvarez-Sanchez et al., 2000, Arroyo and Alderete, 1989, 
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Mallinson et al., 1995, Mendoza-Lopez et al., 2000, Min et al., 1998, Tolbert et al., 2014, Bastida-
Corcuera et al., 2000). In keeping with the role of CPs as virulence factors, CP8 induced cytotoxicity and 
apoptosis of bovine vaginal epithelial cells (BVEC) (Singh et al., 2004, Singh et al., 2005). Interestingly, 
following treatment with the CP inhbitior, E-64, only a reduction in BVEC apoptosis was observed, 
which suggests other secreted molecules could be involved in this virulence mechanism. Therefore, 
characterisation of the secretome from bovine and feline T. foetus may identify novel proteins involved in 
T. foetus pathogenesis and help to explain why these two genotypes vary in their host/tissue tropism.  
Recent analysis has demonstrated that CPs are also involved in pathogenesis of feline T. foetus 
(Tolbert et al., 2014). Although the study did not characterise the specific CP involved, E-64 inhibited 
parasite adherence and cytotoxicity of host cells in vitro (Tolbert et al., 2014). The confirmation that CPs 
are involved in pathogenesis in both genotypes suggests this multigene family should be the focus of 
future research. The results in both Chapter 2 and Chapter 3 of this thesis, as well as recent transcriptomic 
analysis, highlighted a distinct CP profile between bovine and feline genotypes (Morin-Adeline et al., 
2014). This led us to question whether a unique profile will be identified in the secretome fractions 
involved in host-parasite interactions and if so will this contribute to the host/tropism of these genotypes?  
Regulation of CPs can occur by a superfamily of host endogenous inhibitors termed cystatins. These 
inhibitors are competitive, reversible, tight binding inhibitors that prevent substrate binding to the active 
site of papain-like CPs (Turk et al., 2012, Turk et al., 2002, North et al., 1990a, Stoka et al., 1995). Of the 
three types of cystatin groups, cystatin C from the type 2 group is present in most extracellular fluids and 
evidence suggests in can be secreted from mucous membranes within the gastro and urogenital tract 
(Abrahamson et al., 1990, Lignelid and Jacobsson, 1992, Jiborn et al., 2004). This inhibitor plays a role in 
host defence against organisms, including protozoan parasites (Lenarcic et al., 1991, Irvine et al., 1992, 
Blankenvoorde et al., 1998). Taken together, these features suggest cystatin C provides a host 
endogenous factor that could be used to compare the inhibitory effects of T. foetus genotypes, which may 
help to provide more insight into the relationship between bovine and feline T. foetus genotypes. 
While proteins secreted by T. foetus are thought to be important to host-parasite interactions, key 
aspects of how T. foetus regulates these proteins in response to the rapidly changing host environmental 
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stimuli is unknown. One mechanism yet to be investigated is post-translational modification (PTM) 
(Mowen and David, 2014). PTM involves the addition or removal of chemical groups mediated by 
specific enzymes. Since many PTMs are reversible, they act as a dynamic switch which enables 
adaptation to a dynamic host environment (Seet et al., 2006). Within secretomes, PTMs regulate protein-
protein interactions, protein stability, folding, localisation and proteolysis (de Graauw et al., 2006). Thus, 
PTMs are vital for the survival of all kinds of organisms, including protozoan parasites (Doerig et al., 
2015). With an estimated 300 types of PTMs currently identified in eukaryotes, there are numerous 
opportunities to explore the influence of PTMs on the regulation of secreted proteins from bovine and 
feline T. foetus (Witze et al., 2007). This study will focus on the two most notable PTMs, glycosylation 
and phosphorylation (Campbell and Yarema, 2005).  
Protein glycosylation represents the most abundant extracellular PTM (Roth, 2002, Lai et al., 2013). 
Classification is based on the linkage between the amino acid and oligosaccharide with N- and O-linked 
glycosylations being the most common (Jensen et al., 2010, Burda and Aebi, 1999). These PTMs occur 
during translocation into the endoplasmic reticulum or during transport through the golgi complex, 
respectively (Zachara and Hart, 2006). Then, once in nature, dedicated enzymes named 
glycosyltransferases (GT) and glycoside hydrolases carry out protein glycosylation events (Rodrigues et 
al., 2015). Glycosylation has been implicated to play important roles in host-parasite interactions, such as 
modulation of biological activity by providing critical protection from environmental stresses and 
mediating essential host recognition, adhesion and invasion steps (Muia et al., 2010, Luk et al., 2008, 
Rodrigues et al., 2015, Roth, 2002). Moreover, many of these oligosaccharide structures are involved in 
immunogenicity by enhancing or concealing immunogenic epitopes and thus are potential targets for 
future vaccine studies (Astronomo and Burton, 2010, Lisowska, 2002, Rodrigues et al., 2015, Wolfert 
and Boons, 2013). For example, T. gondii expresses a glycosylated surface antigen (SAG2). 
Hyperglycosylation of recombinant SAG2 expressed in yeast reacted strongly with pooled anti-
Toxoplasma human serum, pooled anti-Toxoplasma mouse serum and a SAG2-specific monoclonal 
antibody (Lau and Fong, 2008). Upon treatment with tunicamycin, an inhibitor of N-linked glycosylation, 
an accumulation of non-glycosylated, unfolded proteins was observed in Toxoplasma tachyzoites (Luk et 
al., 2008). This resulted in a reduction in motility, attachment and invasion, ultimately leading to cell 
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death (Luk et al., 2008). Given the role of glycosylation in virulence and immunogenicity, 
oligosaccharides are an additional target for novel chemotherapeutic or vaccination strategies.  
Similarly, phosphorylation is also key to parasite survival (Green et al., 2008, Joyce et al., 2010). 
Considered the most significant PTM with respect to regulation, phosphorylation enables a highly 
dynamic and reversible regulation of protein function and cellular activity (Hunter, 1995, Delom and 
Chevet, 2006). Regulation is mediated by a network of protein kinases (catalyse the transfer of a 
phophoryl group from an ATP to hydroxyamino acid) and phosphatases (hydrolyse the phosphoester 
bond of the modified amino acid, restoring the hydroxyamino acid to its unphosphorylated state) that 
adds/removes a phosphate group to a serine, threonine or tyrosine amino acid (Reinders and Sickmann, 
2005). This modification modulates crucial cellular functions, including cell growth, proliferation, 
differentiation, migration, metabolism and apoptosis. Previous phosphoprotein analysis of T. vaginalis 
has identified a number of phosphorylated proteins, yet their role in regulation is unknown (Yeh et al., 
2013a). Although most research implicates phosphorylation to be involved in intracellular signalling 
events, secreted proteins from Toxoplasma and Plasmodium spp. are phosphorylated following secretion, 
which suggests phosphorylation as a potential means for extracellular protein regulation (Treeck et al., 
2011, Klement and Medzihradszky, 2017). Inhibitor and immunoprecipitation studies of calreticulin have 
shown that phosphorylation is essential for binding calreticulin to its target receptor and subsequent 
pathogenesis (Mueller et al., 2008). In Trypansoma cruzi, calreticulin binds to the C1q component of 
complement and inhibits activation of the classical component of complement, contributing to virulence 
of the parasite (Ferreira et al., 2004).  
Increasingly proteomic analysis of parasite secretomes are proving to be important at illuminating 
essential molecules involved in host-parasite interactions at a molecular level. The advancement of 
proteomic technologies has revolutionised the number of available tools to address the challenges 
associated not only with quantitative proteomic analysis, but also characterising PTMs (Zhang et al., 
2013, Oliveira et al., 2014, Rabilloud and Lelong, 2011). Both ‘top-down’ and ‘bottom-up’ platforms 
have been discussed in Chapters 2 and Chapter 3. As a ‘top-down’ analytical approach, two-dimensional 
electrophoresis (2DE) resolves thousands of intact protein species in a single run, enabling the 
simultaneous analysis of the total protein complement, including proteoforms (Rabilloud and Lelong, 
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2011). Not only does this approach quantitatively analyse proteomes from separate populations (i.e. 
genotypes), but the addition of an extra staining step enables identification of PTMs. Unlike conventional 
methods used for the characterisation of PTMs, such as the enrichment strategies (antibodies or 
immobilized resin), lectin’s binding strategy, or enzymatic based techniques, 2DE coupled with PTM 
specific fluorescent stain offers a global analytical tool with high resolution and high reproducibility. 
Furthermore, it is not limited to laboratories highly specialised in mass spectrometry and bioinformatics. 
A unique advantage of 2DE is its ability to separate different proteoforms owing to the change in charge 
(pI) and/or mass of a protein species. Coupled with the fluorescent stains, quantitative data of these PTMs 
is possible without the necessity of characterising the specific PTM. PTM fluorescent staining methods, 
such as the commercially available Pro-Q
®
 Emerald and Pro-Q
®
 Diamond stains, enable a precise method 
to selectively probe for protein glycosylation and phosphorylation (Farley and Link, 2009, Hart et al., 
2003, Schulenberg et al., 2003a, Schulenberg et al., 2004).  
Proteomics has been used to characterise the secretomes of a number of protozoa parasites including 
Plasmodium falciparum, Trichomonas vaginalis, Trichomonas gallinae, Giardia lamblia and Leishmania 
spp. (Amin et al., 2012, Vincensini et al., 2005, Kucknoor et al., 2007, Ringqvist et al., 2008, Cuervo et 
al., 2009). Moreover, this same approach has achieved successful analysis of post-translationally 
modified proteins from parasites and were able to detect PTM changes between populations (Mattos et 
al., 2012, Nunes et al., 2010, Oliveira et al., 2016). In T. cruzi, resolution of proteoforms using 2DE 
coupled with Pro-Q
®
 Diamond fluorescent stain identified a change in phosphorylation proteins signals 
after parasites were exposed to transforming growth factor beta (TGF-β), a host factor that is pivotal to 
parasite infection, multiplication and the degree and rate of cardiac fibrosis (Waghabi et al., 2005). This 
result confirmed phosphorylation was involved in signal transduction following interaction with TGF-β 
and identified proteins involved in this signalling cascade with roles in metabolism, heat shock response 
and proteolysis (Waghabi et al., 2005). 
Due to the critical role of secretomes in parasitic protozoa pathogenesis (Ranganathan and Garg, 
2009), a study of the proteins secreted from T. foetus genotypes is of crucial interest to understand the 
relationship between these two host-adapted genotypes. Therefore, the aim of the present study is to 
characterise bovine and feline T. foetus secretomes through a combined approach employing 2DE 
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analysis coupled with mass spectrometry (MS) protein identification. Furthermore, we aimed to 
determine the influence of the PTMs, glycosylation and phosphorylation on host-adapted secretome 
profiles. Here we show that T. foetus genotypes secrete a unique secretome, which is influenced by 
the phosphorylation signalling cascade and glycosylation. Host-adaptation of T. foetus genotypes 
appeared to influence proteins involved in signalling, trafficking, proteolysis, detoxification, 
metabolism, cytoskeletal rearrangement and adhesion. Enzymatic analysis of the secretomes using 
zymography and fluorogenic substrates, also observed a unique enzymatic profile of between bovine and 
feline T. foetus secretomes. In particular, interaction with the CP inhibitor, bovine cystatin C suggested a 
distinction of CP activity profiles between genotypes.  
 MATERIALS AND METHODS 4.2
The following methods have been described previously: Section 2.2.2 Parasite culture conditions; 
Section 2.2.3, Collection and preparation of total protein fraction; Section 2.2.4, Two-dimensional gel 
electrophoresis of total cellular protein samples; Section 2.2.5, Image analysis; Section 2.2.6 Protein spot 
digestion and peptide extraction; Section 2.2.9, Analysis of CP activity of total cellular protein extracts; 
Section 2.2.10.1, Two-dimensional gel electrophoresis zymography; Section 2.2.10.2, Fluorogenic 
analysis. 
 Preparation of secretome 4.2.1
Bovine (BP-4) and feline (G10/1) T. foetus parasites were cultured as described previously in Section 
2.2.2. Secretomes were isolated from 5 L parasite cultures. Parasites were harvested in their log phase (24 
h, equating to approximately 1 × 10
6
 parasites mL
-1
) by centrifugation at 6,300 × g for 5 min and washed 
three times with sterile PBS (pH 7.2). Parasites were then resuspended to a final concentration of 
1 × 10
8 
parasites mL
-1 
in a trichomonad incubation buffer (TIB) (1 × PBS, 10 mM HEPES free acid, 0.1% 
L-cysteine HCl, 0.02% L-ascorbic acid, pH 7.2) and incubated for 3 h at 37˚C. Secretomes were only 
used when > 95% of the parasites were viable following the three hour incubation (Thomford et al., 
1996). Parasite viability was ascertained using the propidium iodide exclusion test as described in Section 
2.2.3.  
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Isolation of the secretome was performed by differential centrifugation at 300 × g for 10 min at room 
temperature, after which the supernatant was transferred to sterile centrifuge tubes and centrifuged at 
15,000 × g for 45 min at 4˚C to remove larger cellular debris. Finally, the supernatant was filtered 
through a 0.22 µm filter (Merck-Millipore, Billerica, MA). When analysing secretome samples for 
enzymatic activity, immediately following the differential centrifugation step the secretomes (50 mL) 
were concentrated to 5 mL at 4˚C using a Stirred Ultrafiltration Cell with 5,000 MWCO membrane 
(Merck-Millipore, Billerica, MA). Samples were further concentrated to 500 µL at 4˚C using a Vivaspin 
Turbo 3,000 MWCO protein concentrator (Sartorius, Dandenong South, Vic) and stored at -80˚C in 
10 µg aliquots. When parasite secretomes were analysed using gel electrophoresis, immediately 
following the initial centrifugation steps secretomes were precipitated using TCA as specified in Section 
2.2.3. Precipitated secretome samples were then solubilised using two different buffers depending on 
their intended use: Laemmli sample buffer for SDS-PAGE (1DE) or two-dimensional solubilisation 
buffer (2DSB) (8 M urea, 2 M thiourea, 4% 3-[(3-Cholamidopropyl)dimethylammonio]-1-
propanesulfonate hydrate (CHAPs), protease inhibitor cocktail)
 
for 2DE (Butt and Coorssen, 2005). The 
protein concentrations of all samples used in this study were assessed using the EZQ protein 
quantification kit according to the manufacturer’s instructions (Molecular Probes, Eugene, OR) with 
bovine serum albumin (BSA) used as the protein standard. The sensitivity of this assay ranges from 0.02 
µg/µL (0.02 µg) to 0.5 µg/µL and is compatible with most detergents (Molecular Probes, Eugene, OR, 
USA). A dilution series of each sample was performed in triplicate to ensure the accuracy of the assay.   
 Resolution of secretomes  4.2.2
To ensure biological and experimental reproducibility, each experiment consisted of three independent 
biological replicates each analysed as technical triplicates. 
 One-dimensional gel electrophoresis   4.2.2.1
Isolated T. foetus feline and bovine secretome fractions were analysed by 1DE using a 10-15%T 
3.6%C SDS-PAGE gels. Samples (20 µg) were reduced with 12.5 mM DTT and heated for 5 min at 95˚C 
prior to loading into the gel. Whole cell lysates (20 µg) of the parasites were also resolved in parallel to 
enable a direct comparison. SDS-PAGE gels were resolved at 4˚C applying a voltage of 150 V until the 
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dye front passed the stacking gel and then 90 V until the dye front migrated to the bottom of the resolving 
gel.  
 Two-dimensional gel electrophoresis 4.2.2.2
Secretomes were resolved using 2DE as previously described in Section 2.2.4.
 
Briefly, 100 µg of 
secretome was reduced, alkylated and then applied to an IPG strip (7 cm 3-10 nonlinear or 11 cm, pH 4-7 
linear; Bio-Rad, Hercules, CA), which was then rehydrated for 16 h. Isoelectric focusing (IEF) was 
performed at 17˚C using a Protean IEF Cell (Bio-Rad, Hercules, CA) with the following parameters: 
7 cm: 250 V for 15 min, ramped linearly to 4,000 V for 2 h followed by a constant voltage of 4,000 V for 
37,500 Vh at a maximum of 50 µA per strip; 11 cm: 250 V for 15 min, ramped linearly to 10,000 V for 
3 h followed by a constant voltage of 8,000 V for 50,000 Vh at a maximum of 50 µA per strip. Prior to 
the second dimension of resolution, IPG strips were reduced with 2.5% DTT, then alkylated using 2% 
acrylamide for 10 min in equilibration buffer (6 M urea, 20% glycerol, 0.375 M Tris-HCl, pH 8.8). IPG 
Strips were then resolved on 12.5%T, 3.6%C SDS-PAGE gels as described in Section 3.2.2. 
 Protein detection  4.2.3
 Staining of glycoproteins 4.2.3.1
Following electrophoresis, one technical replicate of each biological replicate (n=3) was stained to 
detect the presence of glycoproteins using Pro-Q
®
 Emerald 488 Glycoprotein Gel Stain Kit (Molecular 
Probes, Eugene, OR). Gels were fixed twice for 45 min in 100 mL of glycoprotein fix solution (50% (v/v) 
methanol, 5% (v/v) glacial acetic acid) to ensure SDS was completely removed from the gel. Gels were 
then washed twice for 25 min with 100 mL of 3% (v/v) glacial acetic acid. Oxidising solution (25 mL of 
3% (v/v) glacial acetic acid, 1 % (w/v) periodic acid) was then added to the gel for 30 min to oxidize 
carbohydrate moieties within the resolved secretome. Gels were washed twice for 20 min with 100 mL of 
3% (v/v) glacial acetic acid, then stained in the dark with Pro-Q
®
 Emerald 488 staining solution for 2 h. 
The gels were then washed twice with 100 mL of 3% (v/v) glacial acetic acid for 20 min and immediately 
imaged. All incubation steps were performed with shaking on an orbital shaker at 50 rpm. Imaging was 
performed using a FLA-9000 (Fujifilm, Minato-ku, Tokyo) fluorescence imager. Images were scanned 
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using fluorescence detection at an excitation of 473 nm and an emission at > 700 nm. The photomultiplier 
tube was set to 500 V. 
 Staining of phosphorylated proteins  4.2.3.2
After 2DE analysis, secretomes were stained with Pro-Q
®
 Diamond phosphoprotein Gel Stain 
(Molecular Probes, Eugene, OR). This fluorescent stain selectively detects phosphate groups attached to 
tyrosine, serine or threonine residues. Secretomes used in the phosphoproteome analysis were treated 
with a phosphatase and kinase inhibitor cocktail (4 µM staurosporine (Sigma, St Louis, MO), 4 µM 
cantharidin (Sigma, St Louis, MO), 1 mM sodium orthovandate (Sigma, St Louis, MO) and 10 mM 
sodium fluoride (Sigma, St Louis, MO)). Following the manufacturer’s protocol, gels were fixed in 100 
mL of phosphostain fix solution (50% (v/v) methanol, 5% (v/v) glacial acetic acid) for 30 min. The fixing 
step was then repeated overnight. Gels were then washed thrice for 10 min with 100 mL of double 
distilled water. Staining was performed in the dark using Pro-Q
®
 Diamond phosphoprotein staining 
solution for 90 min. The gels were destained thrice with 100 mL of 20% (v/v) acetonitrile, 50 mM 
sodium acetate, pH 4.0 for 30 min, and then washed twice for 5 min with 100 mL of double distilled 
water. Imaging was performed immediately following the final wash step. All incubation steps were 
performed with gentle shaking throughout as listed in Section 4.2.3.1. Imaging was performed using 
FLA-9000 (Fujifilm, Minato-ku, Tokyo) fluorescence imager. Images were scanned using fluorescence 
detection at an excitation of 532 nm and an emission at 580 nm. The photomultiplier tube was set to 
600 V. Phosphoproteome analysis was preformed three times using independent biological replicates 
(n=3). 
 Total protein staining of secretome proteins with colloidal coomassie  4.2.3.3
Staining of total proteins within the secretome was performed as per the protocol listed in Section 
2.2.4. Secretomes were resolved using a smaller size SDS-PAGE gel, therefore variations included 
reducing the fixation step to 1 h and reducing the stain and destain solution volumes to 100 mL.  
 Protein spot detection and image analysis 4.2.3.4
Images of the gels were obtained immediately after the final destain and analysed following the 
protocol specified in Section 2.2.5. Protein spots that met the following criteria were selected for LC-
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MS/MS analysis: (1) a ≥ four-fold significant difference in mean normalised volume between each 
genotype (Student’s t-test, P < 0.05) with 100% reproducibility over the relevant data; (2) the 200 most 
abundant spots of each genotype (i.e. 200 spots with the highest normalised spot volume); (3) 17 spots 
that were of equal abundance between the two genotypes (i.e. normalised volume ratio ~ 1:1). Initially 20 
spots were to be selected, however, only 17 spots were identified to be equal in abundance and therefore 
only these spots were selected for analysis. Spots of equal abundance from each set of replicate gels were 
digested separately to confirm all pooled spots from replicate gels were the same protein species across 
replicate gels (i.e. a protein species resolved from one genotype was comparably resolved from the others 
as well). The gels and imaging data were manually inspected to confirm the presence of all spots that met 
the above criteria. 
Image analysis of glycosylated and phosphorylated stained gels were carried out using the computer 
image analysis software Delta2D (V4.0) (DECODON Gmbh, Greifswald, Germany) in accordance with 
the manufacture’s specifications. Images were divided into two groups corresponding to the two 
genotypes used in the study. Each image was warped and fused (union setting) to produce a consensus 
spot pattern. This pattern was then transferred to all raw images to enable spot comparisons between the 
two genotypes. The criterion established to identify the glycosylated or phosphorylated spots of interest 
was defined as those spots having a significant difference of four-fold or greater change (Student’s t-test, 
P-value < 0.05) between each genotype in mean normalised spot volume as measured by the Pro-Q
®
 
Emerald and Pro-Q Diamond
®
 fluorescence. All spots meeting this criterion were to be 100% 
reproducible over the relevant data set. The gels and imaging data were manually inspected to confirm 
the presence of all spots that met the above criteria.  
 Protein spot digestion and peptide extraction 4.2.4
Intact protein species resolved using 1DE and 2DE were then processed for identification using LC-
MS/MS. For digestion and peptide extraction of the secretome, samples were digested according to 
Section 2.2.6 with the following modifications. Samples resolved by 1DE were cut into 15 even sections. 
The individual sections were further cut into ~1 mm
2
 pieces prior to digestion. Furthermore, an additional 
90 min alkylation and reduction step (5 mM TBP and 20 mM acrylamide monomer) was also performed 
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prior to dehydrating the gel pieces with acetonitrile. For 2DE, all spots selected for analysis were 
manually isolated and pooled from a total of six replicate gels before beginning manual digestion.  
 Mass Spectrometry of secretomes using LC-MS/MS  4.2.5
 Analysis of 1DE secretome using LC-MS/MS 4.2.5.1
LC-MS/MS identifications of T. foetus secretomes resolved with 1DE were run without replicates as 
an initial screen due to the paucity of secreted material. The aim of this experiment was to compare the 
secreted protein species identified utilising ‘shotgun’ proteomics with those identified utilising the 2DE 
protocol and no quantitation was performed. LC-MS/MS of the 1DE resolved secretome was performed 
as described previously with minor modifications (Deutscher et al., 2010). Using an Eksigent AS-1 auto 
sampler and TempoLC system, 10 µL of each of the 15 secretome peptide digests were loaded separately 
at 20 µL min
-1
 onto a Michrom reversed phase trapping cartridge to remove any contaminants. The bound 
peptides were eluted off the trap at 300 nL min
-1
 onto a PicoFrit column (75 μm × 100 mm) (New 
Objective, USA) packed with Magic C18AQ resin (Michrom Bioresources, USA). The following 
program was used to elute peptides from the column and into the source of a QSTAR Elite hybrid Q-TOF 
mass spectrometer running in information-dependent acquisition mode (Applied Biosystems, Sciex, 
USA): 2−30% MS buffer B (98% acetonitrile−0.2% formic acid) over 30 min, 30−80% MS buffer B over 
5 min, 80% MS buffer B for 2 min, 80−85% MS buffer B for 3 min. The MS and MS/MS fragmentation 
ion scans were calibrated using fragments of Glu-Fibrinopeptide B. After separation, the peptides were 
analysed using tandem mass spectrometry, implementing an emitter tip that tapers from 75 µm to 20 µm 
at 2300 V. A Data Directed Acquisition (DDA) experiment was performed which continuously scanned 
for peptides of charge state 2
+ 
to 5
+
 with an intensity of more than 30 counts per scan. The MS/MS 
spectral data was converted to Mascot Generic format using TOF/TOF extractor (V2.1) (Michigan 
Proteome Consortium, 2003). Data files have been deposited to the Western Sydney University Data 
repository and can be accessed using the following link: 
http://rds.uws.edu.au/Schools/SSH/2016/LeahStroud/MS_Data_1DE_Secretome/  
 Analysis of 2DE secretome using LC-MS/MS 4.2.5.2
LC-MS/MS of the spots of interest identified using 2DE were performed using the following 
parameters. LC-MS/MS analysis was undertaken using a nanoAcquity UPLC (Waters, Milford, MA) 
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coupled to a XevoQToF (Waters, Milford, MA) mass spectrometer. The peptides were washed off the 
trap at 400 nL min
-1
 on to a C18 BEH analytical column (75 μm × 100 mm) (Waters, Milford, MA), 
packed with 1.7 μm particles of pore size 130 Å and the following protocol was used to elute peptides 
from the column into the source of a XevoQToF mass spectrometer (Waters, Milford, MA): 1-50% MS 
buffer B (98% acetonitrile, 0.2% formic acid) over 30 min, 50-85% MS buffer B over 2 min, 85% MS 
buffer B over 3 min, 85-99% MS buffer B over 1 min. The MS and MS/MS fragmentation ion scans were 
calibrated using fragments of Leucine enkephalin (Waters, Milford, MA). After separation, the peptides 
were analysed using tandem mass spectrometry, implementing an emitter tip that tapers to 10 µm at 2300 
V. A DDA experiment was performed which continuously scanned for peptides of charge state 2
+ 
to 
4
+
 with an intensity of more than 50 counts per sec with a maximum of 3 ions in any given 3 sec 
scan. For accurate mass measurement, the lock mass option was enabled using the leucine enkephalin ion 
(m/z 556.28) as an internal calibrant. A standard containing known digested proteins (MassPREP
TM
 
Digestion Standard Mix 1, Waters, Milford, MA) was analysed every 50 samples to ensure the spectra 
quality was optimal throughout the LC-MS/MS process. The MS/MS spectral data was converted to 
.PKL files using ProteinLynx Global Sever 2.4 (Waters, Milford, MA). The mass spectrometry data files 
have been deposited into the Western Sydney University Data repository and can be accessed using the 
following link: 
http://rds.uws.edu.au/Schools/SSH/2016/LeahStroud/MS_Data_2DE_Secretome/ 
 Database searching 4.2.5.3
The LC-MS/MS data was searched using Peaks (V7.5; Bioinformatics solutions Inc., Waterloo, 
Ontario Canada) against the T. foetus bovine and feline transcriptomes (Morin-Adeline et al., 2014). The 
following parameter settings were used: fixed modifications: none; variable modifications: propionamide, 
oxidised methionine; enzyme: trypsin; number of allowed missed cleavages: 3; peptide mass tolerance: 
100 ppm; MS/MS mass tolerance: 0.2 Da. The results were filtered to include hits with at least one 
unique peptide and to exclude hits with -10logP < 20 and an FDR > 1%. The FDR was determined by 
searching a concatenated target database with a decoy database of the same size. The analysis was further 
enriched by annotating the proteins using Gene Ontology (GO) terms through Blast2Go (V3.2.4) using 
the programs default settings for level 3 GO annotations (Ashburner et al., 2000, Conesa et al., 2005). 
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The proteins identified from the secretome were also mined for protease activity by blasting the EST 
sequences against the MEROPS peptidase database (Rawlings et al., 2014). Identified proteases were 
then categorised according to their enzyme class and active site.  
Prediction of secreted proteins were analysed using a series of bioinformatics tools. Identifying non-
classical secretion signal sequence was performed using SecretomeP Server (V2.0a) using the 
mammalian setting, with a cut-off score > 0.6 (Bendtsen et al., 2004). To predict classical secretion signal 
sequences, protein sequences were submitted to SignalP (V4.1) and Phobius applying the default setting 
for eukaryotic sequences (Petersen et al., 2011, Kall et al., 2007). The presence of transmembrane helices 
was predicted using TMHMM Server (V2.0) and Phobius (Sonnhammer et al., 1998, Kall et al., 2007). 
The TargetP Server (V1.1) was used to predict the subcellular location of proteins using the non-plant 
networks default settings with a reliability score ≤ 3 selected for cut-off (with 1 being the highest 
reliability score) and subcellular locations (Emanuelsson et al., 2007). Following the guidelines for 
predicting signal peptides in UniProt (2015), in order for a secretion or transmembrane prediction to be 
accepted, at least two bioinformatics tools needed to return a positive prediction.  
 Gelatin zymography  4.2.6
 One-dimensional gel electrophoresis zymography 4.2.6.1
To assess the protease activity of the two genotypes, 20 µg of secretome isolated in Section 4.2.1 was 
combined with Laemmli sample buffer and resolved on a gelatin substrate gel containing 0.2% (w/v) 
porcine gelatine (Sigma, St Louis, MO) under non-reducing conditions. Electrophoresis was performed 
following the same parameters described in Section 4.2.1. Whole cell lysates (20 µg) of the two 
genotypes were resolved at the same time to enable a direct comparison. Following electrophoresis, the 
proteins resolved on the gel were washed for 30 min in 2.5% (w/v) Triton-X 100 at room temperature on 
a shaking incubator and activated for 1 h at 37˚C in 100 mM sodium acetate, pH 7.5 and 1 mM DTT. The 
gels were then stained following the coomassie staining protocol described above in Section 4.2.3.3. 
Proteolysis was defined as clear bands against a stained background. 
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 Two-dimensional gel electrophoresis zymography 4.2.6.2
Two dimensional gel electrophoresis zymography was performed according to protocol listed in 
Section 2.2.10.1. Variations to the protocol included increasing the activation incubation step to 3 h. Due 
to the paucity of secretome available, the 2DE zymography was performed without replicates using a 7 
cm, pH 3-10 nonlinear IPG strip (Bio-Rad, Hercules, CA). An aim of this experiment was to profile the 
proteases associated with T. foetus secretomes, no quantitation was performed. 
 Construction of bovine Cystatin C and feline Cystatin C plasmids 4.2.7
Gene sequences encoding the bovine Cystatin C (bCysC) (Genebank accession number NP_776454.1) 
(Olsson et al., 1997) and feline Cystatin C (fCysC) (Genebank accession number NP_001171901.1) 
(Nakata et al., 2010) were codon optimised for expression in the yeast Pichia pastoris by GeneArt® 
(Regensburg, Germany). When compared with E. coli, yeast expression systems are more efficient at 
folding most eukaryotic proteins and correctly forms disulfide bonds. Moreover, the recombinant gene 
product in a yeast expression system can be engineered with a signal sequence to facilitate secretion, and 
the vectors used are selected to integrate into the genome (Daly and Hearn, 2005). 
Both genes were synthesised in the expression vector, pPIC9K (Invitrogen, Carlsbad, CA), with a C-
terminal His6-tag and a stop codon. Vector maps and coding sequences for both genes are included in the 
appendix (Appendix 4.6.3, Appendix 4.6.4 and Appendix 4.6.5). Previous attempts had been 
unsuccessful to recombinantly express both genes using the pPIC9K constructs. Therefore, the 
PichiaPink
TM
 expression system was selected as an alternative expression system. The major advantage 
of using PichiaPink
TM 
is that the level of false positive clones is reduced as it contains an additional 
selective agent where the relative expression levels of the protein of interest is based on the colour of the 
colonies. Pink colonies express very little gene product (mRNA), while the white coloured colonies 
express higher amounts of the gene product. The gene of interest was cloned in-frame with the signal 
sequence in the pPinkα-HC vector, enabling expression via the secretory pathway and thus the protein 
was secreted into the culture medium. 
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 Polymerase chain reaction and sequencing reactions 4.2.7.1
Polymerase chain reaction (PCR) was performed to amplify the synthesised bCysC and fCysC genes 
using bCysCF/bCysCR or fCysCF/fCysCR primers (Table 4.1). These primers incorporated an N-
terminal SnabI restriction site and a C-terminal KpnI restriction site on the bCysC gene and an N-terminal 
MlyI restriction site and a C-terminal KpnI restriction site on the fCysC gene for cloning into the yeast 
expression vector, pPinkα-HC. PCR was performed in a 25 μL reaction mixture containing 1 × HotStar 
PCR HiFidelity PCR Buffer (Tris-Cl, KCl, (NH4)2 SO4, 7.5 mM MgSO4, bovine serum albumin, Triton
®
 
X-100, Factor SB; pH 8.7, 1.5 mM dNTPs (QIAGEN, Valencia, USA), 0.4 µM of specific forward and 
reverse primer (Geneworks, South Australia, Australia) (Table 4.1), 1 U of HotStar HiFidelity DNA 
polymerase (QIAGEN, Valencia, USA) and 50 ng of gDNA template. PCR was performed by first 
heating the samples to 95˚C to activate the DNA polymerase. Thermal cycling was then performed with a 
5 min denaturation cycle at 95˚C, followed by 30 cycles of DNA denaturation at 95˚C for 30 sec and 
primer annealing at 59˚C for 30 sec. DNA strand extension was performed for 1 min at 72˚C. Thermal 
cycling was concluded with a final extension at 72˚C for 5 min, and held at 4˚C.  
 
Table 4.1: Specific primers used to express bovine and feline Cystatin C in pPinkα-HC 
Primer name Primer sequence Melting temperature 
(˚C) 
bCysCF GCACGATACGTAGTTGGTTCTCCAAG 59 
bCysCR ACGCCTGGTACCTTAGTGATGGTG 59 
fCysCF GAAGATGAGTCGAGAGGCTGGTTCC 61 
fCysCR GAAGGCGGTACCTTAGTGGTGGTG 61 
5`α-factor TACTATTGCCAGCATTGCTGC 65 
3` CYC1 GCGTGAATGTAAGCGTGAC 62 
 
 Agarose gel electrophoresis 4.2.7.2
The PCR amplicons were resolved using agarose gel electrophoresis (1% (w/v) molecular grade 
agarose (Bio-Rad, Hercules, CA, 1 × SYBR
®
 Safe DNA Gel Stain (Invitrogen, Carlsbad, CA)) in a 
multiSUB Mini horizontal gel unit (BiocomDirect, Bridge of Weir, UK) powered by a PowerStation 300 
plus (Labnet International, Edison, USA) with 1 × TAE buffer (40 mM Tris-acetate, 1 mM 
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Ethylenediaminetetraacetic acid (EDTA), pH 8.0). Prior to loading, 5 µL of PCR product was combined 
with 1 µL of 6 × Gel Loading Dye (2.5% Ficoll
®
-400, 10 mM EDTA, 3.3 mM Tris-HCl, 0.08% SDS, 
0.02% Dye 1, 0.001% Dye 2, pH 8.0 (New England Biolabs, Ipswich, MA)). A 1 kb DNA marker (New 
England Biolabs, Ipswich, MA) was resolved alongside the amplicons during electrophoresis. Agarose 
gels were viewed on a Bio-Rad ChemiDoc™ XRS+ system linked to Image Lab (V5.2, Bio-Rad, 
Hercules, CA). 
 Purification of DNA by agarose gel extraction 4.2.7.3
The QIAquick spin gel extraction kit (QIAGEN, Valencia, USA) was used for purifying PCR 
products after separation via agarose gel electrophoresis. The protocol was performed according to the 
manufacturer’s specifications. The bands were excised from the agarose following gel electrophoresis 
and resuspended in three volumes of QG buffer. The sample was then heated to 70˚C for 20 min and 
mixed regularly by vortexing to liberate DNA. The addition of 10 µL of 3 M sodium acetate, pH 5.0 
ensured the DNA would bind to the QIAquick column. Finally, the extracted DNA was eluted from the 
column with 30 µL of EB buffer to ensure recovery of a high concentration of DNA.  
 Addition of 3`A-overhangs post amplification 4.2.7.4
To facilitate cloning of the amplicons, 3` A-overhangs were added using dATP. The reaction was 
performed at 70˚C for 30 min using 1 µL MyTaqTM DNA Polymerase (Bioline), MyTaqTM Reaction 
Buffer (5 mM dNTPs, 15 mM MgCl2, stabilisers and enhancers) (Bioline) and 0.2 mM dATP.  
 Cloning with pGEM®-T Easy cloning kit  4.2.7.5
Immediately after A-Tailing, PCR products were cloned into the pGEM
®
-T Easy vector (Promega, 
Madison, WI) (Table 4.2 and Appendix 4.6.6) forming constructs pGEM
®
-T Easy-bCysC and pGEM
®
-T 
Easy-fCysC. A ligation reaction was performed using 5 µL of Rapid Ligation Buffer (60 mM Tris-HCl, 
pH 7.8, 20 mM MgCl2, 20 mM DTT, 2 mM ATP, 10% polyethylene glycol), 3 Weiss Units of T4 DNA 
Ligase, 3 µL of PCR product and 50 ng of pGEM
®
-T Easy Vector DNA (Promega, Madison, WI). The 
ligation reaction was incubated at room temperature for 5 h and then incubated overnight at 4˚C prior to 
transformation. 
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 Transformation 4.2.7.6
Plasmid constructs, pGEM
®
-T Easy-bCysC and pGEM
®
-T Easy-fCysC, containing the genes of 
interest and the parent vector pPinkα-HC, were transformed into chemically competent E. coli One 
Shot® Top10 cells (Invitrogen, Carlsbad, CA) (Table 4.2). First, 1 µL of ligation reaction was added to 
50 µL of chemically competent E. coli and incubated on ice for 30 min. Cells were then heat shocked by 
incubation at 42˚C for 45 sec and then immediately incubated on ice for 2 min. Subsequently, 950 µL of 
Super Optimal broth with Catabolite repression (SOC) medium (20 mg mL
-1
 tryptone, 5 mg mL
-1
 yeast 
extract, 0.5 mg mL
-1
 NaCl, 2.5 mM KCl, 10 mM MgCl2, 20 mM glucose) was added to the cells and 
incubated at 37˚C for 60 min with shaking at 150 rpm. A negative control comprising chemically 
competent E. coli without the addition of plasmids was performed alongside the E. coli transformations. 
To aid selection of positive transformants, 10 mM isopropyl-β-D-1-thiogalactopyranoside (IPTG) 
(Sigma, St Louis, MO) and 1 µg of 5-bromo-4-chloro-3-indoyl-β-D-galactopyranoside (X-Gal) 
(Amresco, Solon, OH) were added to the Luria-Bertani (LB) agar plates (10 g L
-1
 tryptone, 5 g L
-1
 yeast 
extract, 10 g L
-1
 NaCl, and 15 g L
-1 
bacteriological agar) to facilitate blue and white colony selection. 
After incubation, 100 µL of cells were spread onto LB agar plates containing 100 µg mL
-1 
ampicillin. The 
remaining cells were centrifuged, resuspended in 50 µL of SOC medium and plated on a separate LB 
ampicillin agar plates containing IPTG and X-Gal. Plates were incubated overnight at 37˚C and then 
stored at 4˚C to facilitate formation of blue colonies. 
Table 4.2: Plasmids and strains used for cloning 
Plasmids Purpose Reference 
pGEM®-T Easy 
Cloning of PCR products prior to cloning into 
pPinkα-HC 
Promega 
pPinkα-HC 
For cloning and high copy number secreted protein 
expression 
Invitrogen 
E. coli strain Genotype Reference 
One Shot® TOP10 
Chemically Competent 
F
–
 mcrA Δ(mrr-hsdRMS-mcrBC) Φ80lacZΔM15 
ΔlacX74 recA1 araD139 Δ(ara leu) 
7697 galU galK rpsL (StrR) endA1 nupG 
Invitrogen 
PichiaPink
TM
 strain Genotype Reference 
PichiaPink
TM
 Strain 1 ade2 Invitrogen 
PichiaPink
TM
 Strain 2 ade2, pep4 Invitrogen 
PichiaPink
TM
 Strain 3 ade2, prb1 Invitrogen 
PichiaPink
TM
 Strain 4 ade2, prb1, pep4 Invitrogen 
CHAPTER 4: QUANTITATIVE PROTEOMICS OF T. FOETUS BOVINE AND FELINE SECRETOMES 194 
Transformants were assessed for the presence of the correct gene insert via colony PCR. One white 
colony was added to a GoTaq
®
 Green master mix (GoTaq
®
 DNA Polymerase, 800 µM dNTPs, 1.3 mM 
MgCl2), containing 0.4 µM of each forward and reverse primer. Thermal cycling was then performed 
with a 2 min denaturation cycle at 95˚C, followed by 30 cycles of DNA denaturation at 95˚C for 30 sec 
and primer annealing at 55˚C for 30 sec. DNA strand extension was performed for 1 min at 72˚C. 
Thermal cycling was concluded with a final extension at 72˚C for 5 min, and a final holding temperature 
of 4˚C. A pGEM®-T Easy parent vector was analysed alongside the transformants as a negative control. 
Once the insert was confirmed, the clone was cultured in LB broth with 100 µg mL
-1 
ampicillin and the 
plasmid was isolated using the Maxiprep plasmid purification kit (Invitrogen, Carlsbad, CA) according to 
the manufacturer’s instructions (Invitrogen, Carlsbad, CA). 
  Digestion 4.2.7.7
The bCysC and fCysC genes were excised from pGEM®-T Easy constructs by digesting 30 µg of 
plasmid in a final volume of 10 µL. Digestion of the bCysC gene consisted of pGEM
®
-T Easy-bCysC 
with 1 U of SnabI (New England Biolabs, Ipswich, MA), 1 U of KpnI (New England Biolabs, Ipswich, 
MA) and 1 × NEB buffer 2.1 (New England Biolabs, Ipswich, MA). The digestion was incubated at 37˚C 
overnight. Digestion of the gene, fCysC, required two consecutive digestions as the pGEM
®
-T Easy 
backbone also contained a restriction site for MlyI. Firstly 60 µg of pGEM®-T Easy-fCysC was digested 
with 1 U EcoRI (Promega, Madison, WI) and 1 × Buffer H (Promega, Madison, WI), and incubated at 
37˚C overnight. Digested products were resolved by agarose gel electrophoresis and the appropriate sized 
band was purified from the gel following the protocol mentioned in Section 0. The product was further 
digested using 30 µg of plasmid, 1 U of MlyI (New England Biolabs, Ipswich, MA), 1 U of KpnI (New 
England Biolabs, Ipswich, MA) and 1 × NEB buffer 1.1 (New England Biolabs, Ipswich, MA). The 
parent vector, pPinkα-HC, was also digested using 30 µg of plasmid, 1 U of StuI (New England Biolabs, 
Ipswich, MA), 1 U of KpnI (New England Biolabs, Ipswich, MA), 1 × NEB buffer 2.1 (New England 
Biolabs, Ipswich, MA) and incubated at 37˚C overnight. All digestions were resolved using agarose gel 
electrophoresis and the 480 bp (bCysC) and 477 bp (fCysC) digested bands were visualised and excised 
under UV illumination and purified by agarose gel extraction as described in Section 0. 
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 Cloning with pPinkα-HC plasmid 4.2.7.8
Previous attempts to recombinantly express both genes using the pPiC9k construct were unsuccessful. 
Therefore, PichiaPink
TM
 expression vector was selected as an alternate expression system. The major 
advantage of PichiaPink
TM
 is that the level of false positives are reduced owing to an additional selective 
agent. The relative expression levels of the protein of interest is based on the colour of the colonies; pink 
colonies express very little gene product, while white colonies express higher amounts of the gene 
product. Digested genes were then cloned into the pPinkα-HC parent vector (Invitrogen, Carlsbad, CA) 
using 350 ng of digested pPinkα-HC vector, 1 × rapid ligase buffer (Promega, Madison, WI), 3 Weiss 
Units of T4 DNA, and 500 ng of digested product (bCysC or fCysC). The ligation reaction was incubated 
at 25˚C for 4 h and then overnight at 4˚C prior to transformation.  
 Transformation of expression constructs 4.2.7.9
Both pPinkα-HC-bCysC and pPinkα-HC-fCysC constructs were transformed into chemically 
competent E. coli One Shot® TOP10 cells as outlined previously in Section 4.2.7.6. Transformants were 
inoculated on LB agar plates supplemented with 100 µg mL
-1 
ampicillin. All transformants were checked 
for the correct integration using the colony PCR-based method outlined in Section 4.2.7.6. Constructs 
with a pPinkα-HC backbone were also submitted to the Ramaciotti Centre for Genomics at the University 
of New South Wales for Sanger sequencing to ensure the sequence was in-frame with the α-secretion 
signal. The sequencing reaction require 5 pmol of sequencing primers and 100 to 500 ng of plasmid 
template. 
  Linearisation of pPinkα-HC constructs 4.2.7.10
Sequence constructs with the pPinkα-HC backbone were linearised by setting up a digestion reaction 
containing 500 µg of plasmid DNA, 1 U of SpeI (New England Biolabs, Ipswich, MA) and 
1 × CutSmart® buffer (New England Biolabs, Ipswich, MA). The digestion reaction was incubated at 
37˚C overnight. Once linearisation was confirmed by agarose gel electrophoresis, the digestion was 
stopped by heating the reaction at 80˚C for 20 min. The digested product was then concentrated by 
ethanol precipitation. Briefly, 20 µL (1/10 of the digest volume) of 3M sodium acetate and 500 µL (2.5 × 
digest volume) of 100% ethanol were added to the digested reaction. The reaction was then centrifuged 
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(12,000 × g for 10 min) and the pellet was washed with 100 µL of 80% ethanol. Next, the pellet 
containing the linearised plasmid was air dried and resuspended in 10 µL of deionised water.   
  Electroporation 4.2.7.11
The linearised pPinkα-HC constructs were transformed into the PichiaPinkTM strain 1 using 
electroporation. First, in an electroporation cuvette, 80 µL of fresh electrocompetent PichiaPink
TM
 cells 
were combined with 50 to 100 µg of linearised plasmid and incubated on ice for 5 min. Electroporation 
was performed at 1,500 V, 200 mA for ~5 ms using an electroporator 2510 (Eppendorf, Hamburg, 
Germany). Immediately after electroporation, 1 mL of ice-cold yeast, peptone, dextrose and sorbitol 
(YPDS) media (10 g L
-1
 yeast extract, 20 g L
-1 
peptone, 20 g L
-1 
D-glucose, 182.2 g L
-1 
sorbitol) was 
added to the suspension. The transformed cells were incubated at 30˚C for 2 h. Following incubation, 100 
µL and 300 µL of the transformed cells were spread onto Pichia Adenine Dropout agar (PAD) (20 g L
-1
 
D-glucose, 6.7 g L
-1
 yeast nitrogen base without amino acids, 0.7 g L
-1
 CSM
2
 (minus adenine) and 
20 g L
-1
 bacteriological agar) and incubated for 3 to 10 days at 30˚C until distinct colonies formed.  
 Recombinant protein expression and purification 4.2.8
 Small-scale cystatin C expression 4.2.8.1
Recombinant bCysC and fCysC small scale expression was carried out according to the 
manufacturer’s recommendations for the PichiaPinkTM expression system (Invitrogen, Carlsbad, CA). 
Approximately 10 white colonies of PichiaPink
TM
 strain 1 were individually cultured in 5 mL buffered 
complex glycerol medium (BMGY) (1% (w/v) yeast extract, 2% (w/v) peptone, 100 mM potassium 
phosphate, pH 6.0, 1.34% (w/v) yeast nitrogen base without amino acids and with ammonium sulphate, 
0.00004% (w/v) biotin, 1% (v/v) glycerol) at 28˚C in a 50 mL falcon tube with shaking until it reached 
log phase growth (OD600 10). The cells were harvested by centrifugation at 1,500 × g for 5 min at room 
temperature. The supernatant was discarded and the pellet was resuspended in 1 mL induction media; 
buffered complex methanol medium (BMMY) (BMGY except 1% (v/v) methanol was substituted for 
glycerol). Protein expression was induced and expressed for three days at 28˚C with shaking at 250 rpm. 
Every 24 h, 25 µL filter-sterilised methanol (40%) was added (final concentration of 1% (v/v)). The cells 
were harvested by centrifugation at 1,500 × g for 10 min at room temperature and the supernatant was 
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collected. A small-scale pull-down purification was performed using Ni-NTA-agarose resin to assess 
protein expression (Qiagen, Valencia, USA). First, 500 µL of supernatant was added to 50 µL of washed 
Ni-NTA resin and 1.5 mL column buffer (50 mM sodium phosphate buffer, pH 8.0, 300 mM NaCl, 
10 mM imidazole). Samples were then incubated at 4˚C for 1 h on a rotating wheel. After the incubation, 
the samples were centrifuged for a few seconds and the supernatant was discarded. The resin was washed 
with wash buffer (50 mM sodium phosphate buffer, pH 8.0, 300 mM NaCl, 20 mM imidazole), 
centrifuged briefly and the supernatant decanted. To analyse proteins bound to the resin, 100 µL 2 × 
NuPAGE
®
 LDS sample buffer (Invitrogen, Carlsbad, CA) with 12.5 mM DTT was added to the resin and 
boiled for 10 min at 95˚C. These samples were then centrifuged at 10,000 × g for 10 min.  
Lithium dodecyl sulfate polyacrylamide gel electrophoresis (LDS-PAGE) was used to analyse all 
protein samples from cystatin C protein expression experiments. Samples were first mixed with 4 × 
NuPAGE
®
 LDS Sample buffer (Invitrogen, Carlsbad, CA) containing 12.5 mM DTT. The samples were 
boiled at 96˚C for 6 min and loaded into precast 4-12% NuPAGE Novex Bis-Tris polyacrylamide gels 
(Invitrogen, Carlsbad, CA). LDS-PAGE was resolved in a XCell SureLock® Mini-Cell (Invitrogen, 
Carlsbad, CA), powered by a PowerPac™ HC power supply (Bio-Rad, Hercules, CA). Gels were 
resolved in 1 × MES buffer (Invitrogen, Carlsbad, CA) at 125 mA for 60 min. PageRuler Prestained 
protein ladder (Invitrogen, Carlsbad, CA) was used as the standards. Following electrophoresis, the gels 
were washed 3 × 5 min in deionised water, stained for 1 h with Bio-Safe coomassie stain (Bio-Rad, 
Hercules, CA) and destained in deionised water until clear bands appeared.  
 Large-scale cystatin C expression  4.2.8.2
Based on the results of the small-scale expression, the clone demonstrating the highest protein 
expression was then cultured in 1 L buffered complex glycerol medium BMGY at 28˚C in a baffled flask 
with shaking until log phase growth (OD600 10) was reached. The cells were harvested by centrifugation 
at 3,000 × g for 5 min at room temperature. The pellet was resuspended in 200 mL induction media; 
buffered complex methanol medium (BMMY) (BMGY except 1% (v/v) methanol was substituted for 
glycerol). Protein expression was induced and expressed for three days at 28˚C with shaking at 250 rpm. 
Every 24 h, filter-sterilised methanol was added to a final concentration of 1% (v/v). The cells were 
harvested by centrifugation at 3,000 × g for 5 min at room temperature. The supernatant was collected 
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and filtered through a 0.22 µm filter and diluted 1:4 with column buffer, pH 8.0 (50 mM sodium 
phosphate buffer, pH 8.0, 300 mM NaCl, 10 mM imidazole).  
Purification was then performed via Ni-NTA affinity chromatography (Qiagen, Valencia, USA) at 
4˚C. Columns were prepared with a 1 mL bed volume of Ni-NTA agarose resin. The resin was 
equilibrated with 10 column volumes of column buffer. Subsequently, the diluted supernatant was passed 
over the column at a rate of 0.5 mL min
-1
. The beads were then washed with wash buffer (50 mM sodium 
phosphate buffer, pH 8.0, 300 mM NaCl, 20 mM imidazole) to remove contaminating proteins. The 
recombinant protein was then eluted from the column by addition of 5 × 1 mL aliquots of elution buffer I 
(50 mM sodium phosphate buffer, pH 7.0, 300 mM NaCl, 250 mM imidazole) and 5 × 1 mL of elution 
buffer II (50 mM sodium phosphate buffer, pH 6.0, 300 mM NaCl, 250 mM imidazole). To ensure 
successful protein expression fractions were analysed by LDS-PAGE as listed in Section 3.2.25.1. Eluted 
fractions containing the protein of interest were then combined and dialysed against 100 mM PBS 
(pH 7.5) using SnakeSkin dialysis tubing (3.5 kDa cut-off) (Thermo Fisher Scientific, Waltham, MA). 
The protein was then snap frozen in 100 µL aliquots using liquid nitrogen and stored at -80˚C. 
 Western blot analysis 4.2.8.3
Western blots were performed to visualise expressed His6-tagged proteins. Proteins resolved on a 1DE 
gel were transferred to a 0.2 µm nitrocellulose membrane using a XCell II
TM
 Blot Module wet transfer 
cell at 30 V for 20 min using 1 × transfer buffer (5 mM Tris, 38 mM glycine, 20% (v/v) methanol, pH 
8.2). The membrane was then blocked with 5% (w/v) skim milk/Tris buffered saline in Tween 20 (TBS-
T) (150 mM NaCl, 20 mM Tris-HCl, 1% Tween 20, pH 7.0) for 1 h. Primary antibody, mouse anti-
histidine (His6-tag) antibody (Invitrogen, Carlsbad, CA), was applied to the membrane at a final 
concentration of 0.0001% in 1% skim milk/TBS-T overnight. The membrane was then washed twice with 
TBS-T for 5 min. Secondary antibody, anti-polyhistidine antibody produced in mouse (Sigma, St Louis, 
MO), was subsequently applied to the membrane at a final concentration of 0.0001% in 1% skim 
milk/TBS-T for 1 h. The membrane was then washed twice for 5 min with TBS-T again, before 5 mL of 
the developing solution, SigmaFast
TM
 BCIP/NBTDAB (5-Bromo-4-chloro-3-indolyl phosphate/Nitro 
blue tetrazolium) (Sigma, St Louis, MO) was applied to the membrane until the colour developed (~1 to 2 
min). The developing solution was then removed and the nitrocellulose membrane was photographed 
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using a G:BOX Chemi XRQ imager (Syngene, Cambridge, United Kingdom). To further confirm the 
presence of bCysC protein, the band was excised and subjected to trypsin in-gel digestion and analysed 
using the same parameters as for 1DE LC-MS/MS (Section 4.2.5). 
 Analysis of secretory/excretory fraction using EnzCheck gelatinase assay 4.2.9
Due to the paucity of secreted protein material, protease activity of bovine and feline T. foetus 
secretomes were further characterised using a high-throughput enzymatic assay, EnzChek 
Gelatinase/Collagenase assay kit (Molecular Probes, Eugene, OR). The benefit of this assay is that  
nanograms and not milligrams of protein are required when conducting any analysis. Gelatinase activity 
of both genotypes were directly determined by fluorogenic assay using the DQ gelatin fluorescein 
conjugate (Molecular Probes, Eugene, OR) as the substrate. Fluorogenic assays were carried out using a 
Fluostar Omega micro-plate reader (BMG Labtech, UK) in black 96-well plates. Secretomes (25 ng) 
were activated in 1 mM DTT, 1 × running buffer (0.05 M Tris-HCl, 0.15 M NaCl, 5 mM CaCl2, 2 mM 
sodium azide, pH 7.6) for 30 min at 37˚C. The reaction was initiated by adding 20 µL of DQ gelatin. 
Initial rates of hydrolysis of DQ gelatin were measured over a 75 min period by continuously monitoring 
the release of the conjugated fluorophore, fluorescein, at an excitation wavelength of 492 nm and 
emission wavelength of 520 nm. Clostridium collagenase (0.05 to 0.2 U mL-1) was included as a positive 
control (data not shown), while running buffer served as a negative control. Initial rates were calculated 
in RFU min
-1
. The data were then plotted as percentage activity, relative to the sample that produced the 
highest rate of activity.  
  Tritrichomonas foetus secretomes protease pH profile  4.2.9.1
To assess the protease activity profile of bovine and feline T. foetus secretomes across a pH range, the 
gelatinase assays were performed using different buffers ranging from pH 2.5 to 8 by replacing the 1 × 
running buffer (pH 7.6) in the standard assay described in Section 4.2.9. The buffers used to maintain the 
correct pH were as follows: 0.1 M citrate (pH 2.5), 0.1 M sodium acetate (pH 4.0 and 5.0), 0.1 M sodium 
phosphate (pH 6.2 and 6.6), 0.1 M Tris-HCl (pH 8.0). Negative controls were prepared and consisted of 
buffer at the pH assessed and DQ gelatin. Activity was presented as the rate of gelatinase activity 
compared to the sample and buffer that produced the highest rate of activity. 
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  Identification of protease types present in bovine and feline T. foetus secretomes 4.2.9.2
Specific protease inhibitors were added to 25 ng of bovine and feline T. foetus secretomes and 
incubated for 30 min at 37˚C prior to the addition of DQ gelatin substrate. The following protease 
inhibitors were used; 300 µM E-64 (CP inhibitor), 5 mM EDTA and 10 mM 1,10-Phenanthroline 
(metalloprotease inhibitors), 5 mM Phenylmethanesulfonyl fluoride (PMSF) and 1 mM 4-(2-Aminoethyl) 
benzenesulfonyl fluoride hydrochloride (AEBSF) (serine protease inhibitors). T. foetus feline and bovine 
secretomes were also heated to 95˚C for 5 min to act as a positive control for enzymatic inhibition. All 
inhibitor assays were performed at the optimal pH 7.6 identified during the pH protease profile assay. 
Blanks used in this assay consisted of the 1 × running buffer, DQ gelatin plus the diluent that the inhibitor 
was suspended in: E-64, EDTA and AEBSF were diluted with deionised water; PMSF was diluted with 
isopropanol; 1,10-Phenanthroline was diluted with Dimethylformamide (DMF).  
Recombinant bCysC (Section 4.2.8) was also used to assess the inhibitory effect of a host cystatin 
against CPs comprised in the both secretomes. Inhibition studies were performed as described in Section 
4.2.9.2. Recombinant bCysC concentrations ranging from 7 nM to 250 nM, (7 nM, 28 nM, 62.5 nM, 125 
nM and 250 nM) were used in an attempt to inhibit CP activity in T. foetus secretomes. Initial rates of 
gelatinase activity were calculated as RFU min
-1
. The data were then plotted as percentage activity, 
relative to uninhibited control reactions, as a function of inhibitor concentration. Experimental IC50 
values were determined using a variable slope sigmoidal equation (Equation 4.1) (OriginPro V9.1, 
Northampton, MA), where χ is the LOG concentration of Cystatin C, γ is the response, A1 is the bottom 
asymptote, A2 is top asymptote, LOG IC50 is the value χ when the response is halfway between the top 
and bottom asymptote and p is the Hill Slope.  
      
Equation 4.1: Equation used to calculate IC50 
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 Analysis of CP activity of bovine and feline T. foetus secretomes 4.2.9.3
The specific CP profiles of both genotypes were also determined by fluorogenic assay as described in 
Section 2.2.10.2. Initial rates of hydrolysis of the fluorogenic peptide substrates were measured at an 
excitation wavelength of 355 nm and emission wavelength of 460 nm every min for 10 min by 
monitoring the release of the fluorogenic leaving group, 7-Amino-4-methylcoumarin (AMC). Initial rates 
of protease activity were calculated in RFU min
-1
. The data were then plotted as percentage activity, 
relative to the sample that produced the highest rate of activity, i.e. bovine genotype against substrate Z-
Leu-Arg-AMC, as 100%.  
 Statistical analysis  4.2.9.4
All fluorogenic assays consisted of at least two biological replicates each performed as technical 
triplicates to confirm reproducibility. Statistically significant differences between the means were 
determined as specified in Section 2.2.10.2.  
 RESULTS 4.3
 SDS-PAGE analysis of secretomes of T. foetus bovine and feline genotypes 4.3.1
Preliminary analysis of bovine and feline T. foetus secreted proteins isolated from trophozoites with > 
95% viability was performed using SDS-PAGE (1DE). Secretomes were resolved simultaneously with 
whole cell lysates to confirm that the proteins were isolated from the parasite secretome and were not due 
to cell lysis. The complexity of each fraction, as determined by 1DE, can be observed in Figure 4.1. Each 
sample is defined by a distinct protein profile indicating a specific compartmentalisation of the total 
secretome (Figure 4.1A). Comparison of secretomes and total cellular fractions revealed a different 
banding pattern between 37 and 75 kDa in both genotypes. Feline T. foetus secretome resolved an extra 
band at 250 kDa, which is absent in the feline total cellular fraction. Bovine T. foetus resolved ~5 bands 
above 100 kDa in the secretome fraction, not the whole cell fraction, further delineating the profiles 
between the two fractions. In contrast to the secretomes, a distinct band appears just above 37 kDa in the 
whole cell lysates of both genotypes. Further densitometry of the lanes revealed subtle differences in 
banding patterns of the secretome of the two genotypes (Figure 4.1B). While the majority of proteins 
were resolved between 18 to 250 kDa, bovine T. foetus resolved two major bands at 25 kDa, whereas 
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feline T. foetus resolved a major band just below at 23 kDa. Bovine T. foetus resolved a doublet at 28 
kDa, while feline T. foetus only resolved one band in that area. Furthermore, feline T. foetus resolved two 
major bands above 75 kDa. The bovine genotype, in contrast, did not resolve a band in the same region. 
These results were consistent amongst a minimum of two independent biological experiments performed 
and revealed a distinction between T. foetus bovine and feline genotypes. 
 
Figure 4.1: SDS-PAGE profile of whole cell lysates and secretomes of bovine and feline Tritrichomonas 
foetus. (A) Proteins (20 µg) were resolved against 10-15% SDS-PAGE gels. The gels were stained with 
colloidal coomassie solution and imaged in the near infrared. (B) Representative background-corrected 
chromatograms of bovine and feline T. foetus total cellular secretome fractions obtained by densitometric 
scanning of 1DE gels. Notable differences between samples based on densitometry analysis are 
represented by  to indicate a difference between total cellular and secretome fractions of a genotype and 
 to indicate a distinction between the bovine and feline secretome.  
 Profiling the secretome of T. foetus bovine and feline genotypes using 1DE 4.3.2
Taking advantage of the recently published T. foetus transcriptomes (Morin-Adeline et al., 2014), we 
were able to characterise the secretomes of T. foetus genotypes in axenic culture. In this analysis, 
secretome samples isolated from trophozoite cultures with >95% viability were resolved using 1DE and 
then further subdivided into 15 sections. The proteins resolved in each of these sections were digested 
and subjected to LC-MS/MS. Only proteins with at least one unique peptide were considered as 
significant. A total of 259 proteins were identified in the analysis with 69 being homologous to both 
genotypes and 66 and 55 being unique to bovine and feline genotypes, respectively (Figure 4.2 and 
Appendix 2.6.1). Proteases were identified in both the bovine and feline genotypes, including serine 
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peptidases, cathepsin L, legumain and metallopeptidases. Inhibitors of serine and CPs were also 
identified in both genotypes. Proteins involved in defence against the host environment were also well 
represented in both genotypes and included superoxide dismutase 1 and 2, rubredoxin, thioredoxin 
peroxidase, thioredoxin and unnamed protein product. Within this functional category, the bovine 
genotype had a unique match to thioredoxin-disulfide reductase family protein. Other functional groups 
included membrane structure, metabolism and adhesion. Although almost 50% of the proteins identified 
were unique to each genotype, the functions of these proteins were very similar following annotation 
according to GO (Figure 4.3). A large proportion (48% bovine; 48% feline) of the proteins identified 
contained a predicted secretion signal via classical (13% bovine; 19% feline) and non-classical (38% 
bovine; 35% feline) secretion pathways. One limitation of using an annotated transcriptome is 5` 
truncation of the transcripts may have occurred, which would remove the signal peptide creating a bias 
towards proteins without a predicted secretion signal.  
 
 
 
Figure 4.2: Venn diagram representing the number of shared and unique proteins identified in bovine 
and feline Tritrichomonas foetus secretomes using 1DE coupled with LC-MS/MS.  
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Figure 4.3: Highest ranked GO annotations of proteins identified in the secretomes of bovine and 
feline Tritrichomonas foetus genotypes resolved using 1DE. Proteins from bovine (black) and feline 
(white) T. foetus secretomes were assigned GO terms according to their molecular function.  
 Two-dimensional gel electrophoresis of secretome samples 4.3.3
The secretomes of bovine and feline T. foetus genotypes were quantitatively analysed using a 
combination of 2DE coupled with LC-MS/MS. Due to the limited amount of sample available, 
secretomes were initially resolved in the first dimension on IPG strips (7 cm pH 3-10 nonlinear) that 
required the least amount of sample (100 µg). To increase the resolving power, a 7 cm × 17 cm SDS-
PAGE gel (mini-tall) was used to resolve the proteins in the second dimension (Figure 4.4). This format 
resolved 1,021 ± 119 protein spots from the bovine genotype and 1,087 ± 79 protein spots the feline 
genotype. However, a high concentration of proteins resolved within the acidic region (pI of 4.2 and 4.8) 
of the bovine genotype contributed to a distortion and poor resolution of the secretome. To maximise 
resolution, using the same concentration, samples were subsequently resolved in the first dimension on 
11 cm IPG zoom strips (pH 4-7) and in the second dimension on 11 cm x 7 cm SDS-PAGE gels (Figure 
4.5 and Figure 4.6). This horizontal spatial expansion improved the resolution of the secretome, resulting 
in well-defined protein spots for analysis. A total of 1,113 ± 75 and 1,262 ± 35 protein spots were 
resolved and detected across nine replicate gels in the bovine and feline genotypes, respectively. The 
protein spots were distributed across an isoelectric point (pI) range between 4.1 and 7.0 and a molecular 
mass (MW) range between 14.9 kDa and 283.3 kDa. Although the proteins were evenly distributed 
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across the pI range of 4-7, the majority of proteins were concentrated between a MW range of 20 kDa 
and 100 kDa. 
 
 A B 
 
Figure 4.4: Representative Mini-tall 2DE spot maps of bovine (A) and feline (B) Tritrichomonas 
foetus secretomes demonstrating the lack of resolution following the use of wide range IPG strips. 
Proteins (100 µg) were resolved in the first dimension by IEF (non-linear IPG, pH range 3-10), and 
the second dimension using 12.5% 7 × 17 cm SDS-PAGE. The gels were stained with colloidal 
coomassie solution and imaged in the near-infrared.  
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Secretome maps using narrow range (pH range 4-7) IPG of bovine and feline T. foetus genotypes were 
compared and strict criteria were applied to identify protein spots of interest for further analysis: ≥ four-
fold statistically significant difference in abundance between bovine and feline genotypes (Student’s t-
test P < 0.05, n = 3); spots identified in both genotypes with equal abundance (i.e. ratio ~1:1); and the top 
200 most abundant spots in both genotypes. To be considered a spot of interest, the spot had to be 100% 
reproducible across the relevant data set (i.e. present in all nine replicate gels). Image analysis identified a 
total of 104 spots with a ≥ four-fold significant difference in abundance between both genotypes; 41 spots 
were ≥ four-fold more abundant in the bovine genotype and 63 spots were ≥ four-fold more abundant in 
the feline genotype (Student’s t-test P < 0.05, n = 3) (Figure 4.7 and Figure 4.8). Seventeen spots were 
identified as having equal abundance (~1:1 ratio) in both genotypes. Of the 200 most abundant spots 
identified, only 95 were found to be common, although the actual abundance of spots varied between 
genotypes (Figure 4.7 and Appendix 4.6.2). Figure 4.9 is a representation of the mean normalised volume 
of the top 50 proteins spots identified in this study. Only 17 spots were common in the top 50 of both 
genotypes demonstrating a potential phenotypic plasticity of the two genotypes. 
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Figure 4.5: Representative 2DE spot map of bovine Tritrichomonas foetus secretome. Proteins (100 µg) were resolved in the first dimension by IEF (IPG, pH range 4-7) and 
the second dimension using 12.5% SDS-PAGE. The gels were stained with colloidal coomassie and imaged in the near-infrared. Spot numbers represent protein spots 
identified using LC-MS/MS across nine replicate 2DE gels, listed in Table 4.3, Figure 4.8 and Appendix 4.6.2.  
CHAPTER 4: QUANTITATIVE PROTEOMICS OF T. FOETUS BOVINE AND FELINE SECRETOMES 208 
 
Figure 4.6: Representative 2DE spot map of feline Tritrichomonas foetus secretome. Proteins (100 µg) were resolved in the first dimension by IEF (IPG, pH range 4-7) and 
the second dimension using 12.5% SDS-PAGE. The gels were stained with colloidal coomassie and imaged in the near-infrared. Spot numbers represent protein spots 
identified using LC-MS/MS across nine replicate 2DE gels, listed in Table 4.3, Figure 4.8 and Appendix 4.6.2. 
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Figure 4.7: Representative 2DE gel highlighting the different protein profiles of bovine and feline Tritrichomonas foetus secretomes. Proteins (100 µg) 
were resolved in the first dimension by IEF (IPG, pH range 4-7) and the second dimension using 12.5% SDS-PAGE. The gels were stained with colloidal 
coomassie and imaged in the near-infrared. Spot numbers represent the ≥ four-fold (Student’s t-test P < 0.05, n = 3) more abundant protein spots identified 
during the comparative analysis. Blue and yellow spots represent protein spots more abundant in the bovine and feline genotype, respectively.    
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 Identification of proteins within T. foetus secretomes using LC-MS/MS  4.3.4
This study was the first to analyse the secretomes of T. foetus genotypes. In order to link resolved 
protein spots with putative biological functions, identification of proteins spots of interest was 
performed using LC-MS/MS. Similar to the total protein analysis, an in-house database of the bovine 
and feline T. foetus transcriptomes was compiled to identify protein spots of interest (Morin-Adeline 
et al., 2014). We also matched the theoretical MW and pI values of the protein identified using LC-
MS/MS where possible to the observed MW and pI of the spot on the 2DE map to confirm the protein 
assignment. Although a total of 538 spots were selected for analysis, some of these protein spots 
matched multiple criterion for inclusion, as outlined in Section 4.2.3.4. As a result, a total of 478 
protein spots (232 bovine genotype and 246 feline genotype) were manually excised, digested and the 
resultant peptides subjected to LC-MS/MS. Of these, 449 spots (218 bovine genotype and 231 feline 
genotype) returned a positive protein identification. The remaining 29 spots could not be identified 
due to the limitations associated with identifying proteins from an organism with an unsequenced 
genome. Peaks probability (-10logP) data of the proteins identified ranged from 260.2 to 20 and 
coverage from 85% to 1% (Appendix 2.6.1). The 449 identifications correspond to 210 (104 bovine 
genotype and 106 feline genotype) different proteins encoded within the T. foetus EST database 
(Appendix 4.6.2). The remaining 268 protein spots are likely proteoforms (i.e. post-translationally 
modified protein variants). Of note, this study identified 48 novel proteins not identified in the 
previous proteome analyses of bovine T. foetus performed by Huang et al (2013) and the total cellular 
proteome analysis of bovine (BP-4 and PIG30/1) and feline genotypes outlined in Chapter 2 and 
Chapter 3.  
 Differentially abundant protein analysis of bovine and feline genotypes 4.3.5
Following the analysis performed in Chapter 2, proteins with a significant (≥ four-fold) change of 
mean normalised volume between genotypes (P-value < 0.05) were of interest, as they represented 
proteins potentially involved in host-adaptation. Of the 104 protein spots meeting this criterion, 98 
were identified when peak lists were searched against bovine and feline T. foetus transcriptomes, with 
38 spots identified in the bovine genotype and 60 spots identified in the feline genotype. Differentially 
abundant protein spots from the bovine genotype were involved in processes such as carbohydrate 
metabolism, adhesion, oxidative-stress detoxification, vesicular transport, cytoskeletal arrangement 
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and purine metabolism (GMP synthase) (Figure 4.8). Furthermore, a heat shock protein, CPs (CP7, 
CP8, clan CD, family C13, asparaginyl endopeptidase-like cysteine peptidase, clan CA, family C1, 
cathepsin L-like CP), serine proteases (two proteoforms of clan SB, family S8, subtilisin-like serine 
peptidase) and phosphatases (histidine aid phosphatase and serine/threonine protein phosphatase PP1-
gamma catalytic subunits) were also identified with potential roles in virulence (Figure 4.8 and 
Appendix). 
Similarly, differentially abundant protein spots from the feline genotype, included three 
proteoforms of CP7, proteins with roles in carbohydrate metabolism (alpha amylase, two proteoforms 
of enolase, diphosphate-fructose-6-phosphate 1-phosphotransferase, ten proteoforms of fructose-1,6-
bisphosphate aldolase, alcohol dehydrogenase, three proteoforms of phosphoglycerate kinase and 
alpha-galactosidase), cytoskeletal rearrangement (three proteoforms of alpha-actinin and dTDP-4-
dehydrorhamnose 3,5-epimerase), oxidative-stress detoxification (unnamed protein product and three 
proteoforms of thioredoxin peroxidase), adhesion (S-layer protein), and protein processing (YbaK / 
prolyl-tRNA synthetases associated domain containing protein, two proteoforms of family T1, 
proteasome alpha subunit, threonine peptidase spots and adenosylhomocysteinase). Unlike the bovine 
genotype, a hydrolase with roles in nucleotide metabolism (deoxyuridine 5'-triphosphate 
nucleotidohydrolase family protein) and calcium-binding proteins (calreticulin-like protein and 
putative C2 domain containing protein) with potential roles in virulence were also identified. Two 
proteoforms of Adaptin N-terminal region family protein with putative roles in vesicular transport 
were also identified. The remaining proteins identified were either hypothetical or uncharacterised 
proteins with unknown function (Figure 4.8 and Appendix 4.6.2). Although these protein spots were 
identified as differentially abundant, other proteoforms (i.e. isoforms and/or post-translationally 
modified variants) of some proteins were also identified during analysis.  
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Figure 4.8: Heat map demonstrating the abundance of protein spots with a ≥ four-fold change across 
the bovine and feline Tritrichomonas foetus genotypes. The heat map is coloured on a log2 scale; red, 
high abundant proteins spots; blue low abundant protein spots. P-value < 0.05; Student’s t-test; three 
independent biological replicates each resolved as technical triplicates.  
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 Proteins identified of equal abundance (1:1 ratio) between bovine and 4.3.6
feline genotypes 
Protein spots analysed as having equal abundance (i.e. 1:1 mean normalised volume between 
genotypes) were individually subjected to LC-MS/MS to ensure the protein spot identified across 
genotypes was in fact the same protein. During image analysis, only 17 protein spots met this criterion 
and all were identified using LC-MS/MS. These results confirmed the reproducibility and precise 
resolution of our secretome analysis. This analysis identified two proteoforms of CP7, a 
metallopeptidase and three proteoforms of 14-3-3 protein, all with putative roles in virulence. The 
remaining proteins with putative functions are involved in protein metabolism (2,5-diketo-D-gluconic 
acid reductase, Family T1, proteasome beta subunit, threonine peptidase, glutamate decarboxylase, 
adenosylhomocysteinase), nucleotide metabolism (GMP synthase) and carbohydrate metabolism (N-
acetyl-beta-hexosaminidase, transaldolase and phosphoglycerate mutase) (Appendix 4.6.2).  
 Most abundant proteins identified in T. foetus bovine and feline 4.3.7
genotypes  
A large number of the 50 most abundant proteins were common to both genotypes in the total 
cellular analysis, outlined in Chapter 2 (60% 30/50 bovine and feline) and Chapter 3 (~86% 44/50 
bovine and 42/50 feline). In contrast, only 34% of the most abundant proteins (17 of 50 protein spots) 
were shared between genotypes in this current secretome analysis (Figure 4.9). This analysis was 
further extended to include the top 200 most abundant proteins, which further confirmed a delineation 
between genotypes, with only 48% of protein spots (95/200 protein spots) shared between genotypes. 
The top 200 abundant protein spots corresponded to a total of 93 individual protein species from each 
genotype. The other 107 protein spots were identified as proteoforms of the 93 proteins based on their 
variation in observed pI and MW when compared with the theoretical MW and pI. Of the 93 protein 
species identified, 67 proteins were homologous to both genotypes, while 26 proteins were unique. 
In the bovine genotype, proteins identified as unique in the top 200 abundant proteins could 
potentially reflect adaptation of each genotype to their respective host. Proteases of interest included 
CP5, a GP63-like metalloprotease and an immuno-dominant variable surface antigen-like protein. The 
remaining proteins are involved in carbohydrate metabolism and protein processing that contribute to 
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virulence (N-acetylneuraminate lyase and N-acetyl-beta-hexosaminidase histidine acid phosphatase) 
(Table 4.3 and Appendix 4.6.2).  
Proteins unique to the feline genotype included a proteoform of asparaginyl endopeptidase 
(legumain), a proteoform of peptidyl-prolyl cis trans isomerase, erythrocyte membrane protein 3 
(roles in cytoadherance) and a GTP-binding protein, with potential roles in virulence. The remaining 
proteins are involved in carbohydrate (phosphoglycerate kinase, alpha amylase, catalytic domain 
containing protein), protein (family T1, proteasome alpha subunit, threonine peptidase, 2,5-diketo-D-
gluconic acid reductase, ubiquitin-conjugating enzyme family protein) and amino acid metabolism 
(ornithine carbamoyltransferase family protein, glutamine synthetase catalytic domain containing 
protein) (Table 4.3 and Appendix 4.6.2). 
The functions of the top 200 most abundant spots homologous to bovine and feline genotypes are 
largely involved in cytoskeletal arrangement (alpha-actinin, fibronectin, fimbrin, cofilin/tropomyosin-
type, actin binding protein, WD repeat protein), protein processing (adenosylhomocysteinase, three 
isoforms of proteasome alpha subunit, threonine peptidase), oxidative-stress detoxification 
(superoxide dismutase 1, thioredoxin peroxidase, thioredoxin-disulfide reductase family protein, two 
isoforms of unnamed protein product, and rubredoxin), calcium-binding, (calmodulin and C2 domain 
containing protein), purine metabolism (GMP synthase) and carbohydrate metabolism (fructose-1,6-
bisphospate aldolase, malate dehydrogenase, alcohol dehydrogenase, two variants of phosphoenol 
pyruvate carboxykinase, glucose-6-phosphate isomerase family protein, transaldolase, alpha 
galactosidase, ROK family protein, fucose isomerase, fructofuranosidase, two proteoforms of 
glycosyl hydrolase, aldose 1-epimerase, UTP-glucose-1-phosphate uridylyltransferase family protein) 
(Table 4.3). Specifically, some of these carbohydrate metabolic proteins also moonlight as adhesin 
proteins including enolase, malic enzyme, glyceraldehyde-3-phosphate, phosphoglycerate mutase and 
triosephosphate isomerase (Gomez-Arreaza et al., 2014). Proteins identified with potential roles in 
virulence included seven proteases (five CP variants, a metallopeptidase, and a serine protease), two 
protease inhibitors (phytocystatin CP inhibitor and a serine protease inhibitor) and five proteoforms of 
14-3-3 protein. Other notable proteins included a heat shock protein, a peptidyl-prolyl cis trans 
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isomerase protein, an adaptin N-terminal region family protein (involved in vesicular transport) and a 
GDP dissociation inhibitor family protein.  
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Table 4.3: Most abundant proteins identified in bovine and feline Tritrichomonas foetus secretomes using 2DE coupled with LC-MS/MS 
Spot 
No.
a
 
Accession No.
b
 Description
c
 Localisation
d
 
Bovine genotype Feline genotype 
PTM
e
 
Mean 
Normalised 
Vol (%)
f
 
Top 
200 
(rank)
g
 
PTM
 e
 
Mean 
Normalised 
Vol (%)
f
 
Top 
200 
(rank)
g
 
 
Adhesion 
          337 G10_comp7503_c0_seq1 S-layer protein  S/T 
    
g
 
0.118 196 
44 Bc12_comp12295_c0_seq1 S-layer protein  T 
    
g 
 
0.130 177 
 
Amino acid metabolism  
 
         334 G10_comp6743_c0_seq1 2-aminoethylphosphonate:pyruvate aminotransferase  
     
g p 0.365 53 
349 G10_comp18432_c0_seq1 Cobalamin-independent synthase catalytic subunit  
       
0.129 179 
154 G10_comp7094_c0_seq1 Glutamate decarboxylase  NS/T g p 0.17 131 g p 0.230 102 
408 Bc12_comp10091_c0_seq1 Glutamate decarboxylase  T 
      
0.196 122 
259 G10_comp7094_c0_seq1 Glutamate decarboxylase  NS/T g* 
 
0.14 158 
    344 G10_comp7346_c0_seq1 Ornithine carbamoyltransferase family protein  
     
g p 0.156 150 
183 Bc12_comp10565_c0_seq1 Oxidoreductase, aldo/keto reductase family protein  
   
0.14 171 
    316 Bc12_comp10416_c0_seq1 Oxidoreductase, aldo/keto reductase family protein  M/NS 
 
p 0.14 163 
    
 
Carbohydrate metabolism 
 
         180 G10_comp8077_c0_seq1 Alanine dehydrogenase 2  M 
  
0.15 144 
 
p 0.212 116 
181 G10_comp7467_c0_seq1 Aldose 1-epimerase  NS 
  
0.25 94 g p 0.679 21 
343 G10_comp7467_c0_seq1 Aldose 1-epimerase  NS 
     
p 0.135 168 
340 G10_comp8486_c0_seq1 Alpha amylase, catalytic domain containing protein  S/T 
      
0.125 185 
170 Bc12_comp10977_c0_seq1 Alpha-galactosidase  S g 
 
0.13 183 
    127 Bc12_comp10977_c0_seq1 Alpha-galactosidase  S 
    
g p 0.430 45 
324 Bc12_comp7690_c0_seq1 Beta-N-acetylglucosaminidase  NS g p 0.16 136 
    329 G10_comp7146_c0_seq1 Cellulosome anchoring protein cohesin subunit  T 
    
g p 0.156 152 
218 G10_comp6893_c0_seq8 Cytosolic malate dehydrogenase 2  
  
p* 0.15 151 
 
p 0.187 130 
394 G10_comp6893_c0_seq3 Cytosolic malate dehydrogenase 2  NS 
     
p 0.282 78 
393 Bc12_comp9794_c0_seq6 Cytosolic malate dehydrogenase 2  
      
p 0.249 92 
357 G10_comp7607_c0_seq1 Diphosphate-fructose-6-phosphate 1-phosphotransferase  S 
      
0.129 180 
33 G10_comp7607_c0_seq1 Diphosphate-fructose-6-phosphate 1-phosphotransferase  S 
    
g p 0.253 90 
177 G10_comp6992_c0_seq1 Enolase family protein  
 
g 
 
0.19 122 
    299 G10_comp6992_c0_seq1 Enolase family protein  
 
g* 
 
0.14 157 g p 0.130 176 
339 G10_comp6992_c0_seq1 Enolase family protein  
     
g 
 
0.183 132 
363 G10_comp6992_c0_seq1 Enolase family protein  
     
g 
 
0.230 103 
380 G10_comp6992_c0_seq1 Enolase family protein  
     
g 
 
0.253 89 
381 G10_comp6992_c0_seq1 Enolase family protein  
     
g p 0.147 159 
42 G10_comp6992_c0_seq1 Enolase family protein  
     
g 
 
0.154 155 
306 Bc12_comp10061_c0_seq1 Fructofuranosidase  T g p 0.20 115 
    321 Bc12_comp10061_c0_seq1 Fructofuranosidase  T g p 0.73 17 
    325 G10_comp13577_c0_seq1 Fructofuranosidase  T g p 0.12 193 g* p 0.135 166 
214 G10_comp7064_c0_seq1 Fructose-1,6-bisphosphate aldolase  S 
  
0.13 180 
 
p 0.333 61 
346 G10_comp3943_c0_seq1 Fructose-1,6-bisphosphate aldolase  S 
    
g p 0.310 67 
347 Bc12_comp9916_c0_seq1 Fructose-1,6-bisphosphate aldolase  MS 
    
g p 0.162 148 
63 G10_comp7064_c0_seq1 Fructose-1,6-bisphosphate aldolase  S 
    
g p* 0.453 38 
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Table 4.3: Most abundant proteins identified in bovine and feline Tritrichomonas foetus secretomes using 2DE coupled with LC-MS/MS (continued) 
Spot 
No.
a
 
Accession No.
b
 Description
c
 Localisation
d
 
Bovine genotype Feline genotype 
PTM
e
 
Mean 
Normalised 
Vol (%)
f
 
Top 200 
(rank)
g
 
PTM
e
 
Mean 
Normalised 
Vol (%)
f
 
Top 200 
(rank)
g
 
 Carbohydrate metabolism (continued)          
68 G10_comp7064_c0_seq1 Fructose-1,6-bisphosphate aldolase  S      p 0.174 139 
72 Bc12_comp9913_c0_seq1 Fructose-1,6-bisphosphate aldolase  M/NS     g p* 0.234 99 
86 Bc12_comp9913_c0_seq1 Fructose-1,6-bisphosphate aldolase  M/NS     g p* 0.308 69 
166 G10_comp6034_c0_seq1 Fucose isomerase  
  
p 0.36 58 g p 0.299 74 
167 G10_comp6034_c0_seq1 Fucose isomerase  
 
g 
 
0.14 167 
    169 G10_comp6034_c0_seq1 Fucose isomerase  
  
p 0.15 148 g 
 
0.150 158 
271 Bc12_comp9859_c0_seq1 Glucosamine-6-phosphate deaminase  M 
  
0.20 113 
 
p 0.193 124 
276 G10_comp7106_c0_seq1 Glucose-6-phosphate isomerase family protein  
 
g p 0.16 140 
  
0.132 174 
277 G10_comp7106_c0_seq1 Glucose-6-phosphate isomerase family protein  
 
g 
 
0.42 45 
 
p 0.529 30 
278 Bc12_comp9939_c0_seq1 Glucose-6-phosphate isomerase family protein  
   
0.15 143 
 
p 0.213 115 
358 G10_comp7106_c0_seq1 Glucose-6-phosphate isomerase family protein  
      
p 0.120 191 
404 G10_comp8680_c0_seq1 Glutamine synthetase, catalytic domain containing protein  NS 
    
g p 0.414 47 
175 G10_comp2341_c1_seq1 Glyceraldehyde-3-phosphate dehydrogenase  NS/T 
  
0.14 156 
  
0.293 75 
342 Bc12_comp10739_c0_seq1 Glyceraldehyde-3-phosphate dehydrogenase  M/NS 
    
g 
 
0.134 172 
323 G10_comp2846_c0_seq1 Glycoside hydrolase family 20  S/T g p 0.17 128 
    300 Bc12_comp2702_c0_seq1 Glycosyl hydrolase  NS g 
 
0.16 142 
    292 Bc12_comp11143_c0_seq1 Glycosyl hydrolase  
 
g* 
 
0.20 114 
    407 G10_comp13243_c0_seq1 Glycosyl hydrolase  
     
g 
 
0.188 128 
301 Bc12_comp11602_c0_seq1 Glycosyl hydrolase family 65  NS g p 0.14 170 
    142 G10_comp6017_c0_seq1 Glycosyl hydrolase family protein  T 
  
0.16 138 
    162 G10_comp6017_c0_seq1 Glycosyl hydrolase family protein  T g p 0.39 50 g 
 
0.229 104 
258 Bc12_comp11153_c0_seq1 HAD-superfamily hydrolase, subfamily IA, variant 3  S/T 
  
0.13 181 g* p 0.269 84 
36 G10_comp17281_c0_seq1 Hypothetical protein  
     
g* 
 
0.319 63 
184 G10_comp7182_c0_seq1 Malic enzyme  NS 
  
0.14 165 
  
0.171 141 
163 G10_comp9646_c0_seq1 N-acetyl-beta-hexosaminidase  S g p 0.27 88 
    57 Bc12_comp13013_c0_seq1 N-acetylneuraminate lyase  NS 
  
0.31 73        
262 Bc12_comp13013_c0_seq1 N-acetylneuraminate lyase  NS g p 0.19 120 
    182 G10_comp7766_c0_seq1 NADP-dependent alcohol dehydrogenase  M 
 
p 0.42 46 g p 0.879 11 
382 Bc12_comp10016_c0_seq1 NADP-dependent alcohol dehydrogenase  
     
g p 0.237 96 
38 Bc12_comp9861_c0_seq1 Phosphoenol pyruvate carboxykinase  S g p* 0.95 12 
 
p 0.134 171 
40 Bc12_comp9861_c0_seq1 Phosphoenol pyruvate carboxykinase  S g p 0.27 87         
41 Bc12_comp9861_c0_seq1 Phosphoenol pyruvate carboxykinase  S g p 0.13 187         
88 Bc12_comp9861_c0_seq1 Phosphoenol pyruvate carboxykinase  S 
 
p 0.41 47         
164 Bc12_comp10226_c0_seq1 Phosphoenol pyruvate carboxykinase  NS 
  
0.28 85 g p 0.697 19 
165 Bc12_comp10226_c0_seq1 Phosphoenol pyruvate carboxykinase  NS 
  
0.15 152 g* p 0.528 32 
172 Bc12_comp9861_c0_seq1 Phosphoenol pyruvate carboxykinase  S g* p 0.51 34 
  
0.151 156 
268 G10_comp7008_c0_seq1 Phosphoenol pyruvate carboxykinase  S g p 1.21 7 
 
p 0.964 7 
269 G10_comp7008_c0_seq1 Phosphoenol pyruvate carboxykinase  S 
  
0.30 74 
 
p 0.384 50 
270 G10_comp7008_c0_seq1 Phosphoenol pyruvate carboxykinase  S 
 
p 0.23 99 
 
p 0.280 80 
272 G10_comp7008_c0_seq1 Phosphoenol pyruvate carboxykinase  S g 
 
0.24 97 g p 0.419 46 
273 G10_comp7008_c0_seq1 Phosphoenol pyruvate carboxykinase  S 
 
p 0.57 29 
 
p 0.672 22 
290 Bc12_comp9861_c0_seq1 Phosphoenol pyruvate carboxykinase  S 
 
p 0.42 44 
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Table 4.3: Most abundant proteins identified in bovine and feline Tritrichomonas foetus secretomes using 2DE coupled with LC-MS/MS (continued) 
Spot 
No.
a
 
Accession No.
b
 Description
c
 Localisation
d
 
Bovine genotype Feline genotype 
PTM
e
 
Mean 
Normalised 
Vol (%)
f
 
Top 
200 
(rank)
g
 
PTM
e
 
Mean 
Normalised 
Vol (%)
f
 
Top 
200 
(rank)
g
 
 Carbohydrate metabolism (continued)           
335 G10_comp7069_c0_seq1 Phosphoenol pyruvate carboxykinase       g  0.236 97 
336 G10_comp7069_c0_seq1 Phosphoenol pyruvate carboxykinase       g  0.140 165 
336 G10_comp7069_c0_seq1 Phosphoenol pyruvate carboxykinase       g  0.140 165 
141 Bc12_comp9933_c0_seq1 Phosphoglycerate mutase  S g 
 
0.14 161 g p 0.187 131 
201 G10_comp7208_c0_seq1 Phosphoglycerate mutase  
  
p 0.63 24 g p 0.871 12 
204 G10_comp7208_c0_seq1 Phosphoglycerate mutase  
   
0.13 188 g 
 
0.219 109 
317 Bc12_comp10704_c0_seq1 ROK family protein  S g p 0.60 26 g 
 
0.190 126 
185 G10_comp7237_c0_seq1 Transaldolase  NS 
  
0.15 145 
    345 G10_comp7237_c0_seq1 Transaldolase  NS 
    
g p 0.130 178 
203 G10_comp7203_c0_seq1 Triosephosphate isomerase 
  
p 0.96 10 g p 0.946 8 
205 G10_comp7203_c0_seq1 Triosephosphate isomerase 
   
0.13 179 g 
 
0.220 108 
202 G10_comp7203_c0_seq1 Triosephosphate isomerase  
 
g 
 
0.29 83 g* p 0.435 44 
215 G10_comp8248_c0_seq1 Triosephosphate Isomerase  M/NS 
  
0.14 155 
  
0.164 147 
171 G10_comp1933_c0_seq1 Uridine diphosphoglucose dehydrogenase  
  
p 0.21 110 
    279 Bc12_comp10086_c0_seq1 UTP--glucose-1-phosphate uridylyltransferase family protein  S g 
 
0.26 89 g p 0.375 52 
378 G10_comp7230_c0_seq1 UTP--glucose-1-phosphate uridylyltransferase family protein  NS 
    
g p 0.281 79 
291 G10_comp7409_c0_seq1 Alpha-actinin  NS g 
 
0.23 100 g p 0.344 56 
167 G10_comp7409_c0_seq1 Alpha-actinin  NS 
    
g 
 
0.135 167 
227 Bc12_comp9357_c0_seq1 Cofilin/tropomyosin-type actin-binding protein  
  
p 0.35 63 g p 0.596 27 
159 Bc12_comp10963_c0_seq1 Fibronectin  T g p 0.15 150 g p 0.127 183 
161 Bc12_comp10963_c0_seq1 Fibronectin  T g p 0.17 133 
    157 Bc12_comp10002_c0_seq1 Fimbrin  NS g* 
 
0.13 175 g p 0.300 71 
158 Bc12_comp10002_c0_seq1 Fimbrin  NS g 
 
0.14 162 
    
 
Fatty acid metabolism  
 
         235 G10_comp8851_c0_seq1 Lipase  M/NS g p 0.13 176 
    
 
Nucleotide metabolism  
         257 Bc12_comp12134_c0_seq1 Deoxyuridine 5'-triphosphate nucleotidohydrolase family protein  
  
p 0.16 139 
    81 Bc12_comp11128_c0_seq1 GMP synthase  NS g p 0.16 141        
188 G10_comp13382_c0_seq1 GMP synthase  
 
g* 
 
0.52 32 g 
 
0.195 123 
302 Bc12_comp11128_c0_seq1 GMP synthase  NS g p 0.15 153 g p 0.141 163 
286 Bc12_comp10987_c0_seq1 Inosine monophosphate dehydrogenase  NS g p 0.39 53 
    
 
Oxidative-stress detoxification  
 
         138 Bc12_comp10118_c0_seq1 2,5-diketo-D-gluconic acid reductase  NS 
    
g p 0.133 173 
308 Bc12_comp11724_c0_seq1 Histidine acid phosphatase  S g 
 
0.30 75 
    266 Bc12_comp10010_c0_seq1 Rubredoxin  
   
0.13 174 
    310 Bc12_comp10010_c0_seq1 Rubredoxin  T g p 0.41 48 
    319 Bc12_comp10010_c0_seq1 Rubredoxin  
 
g p 0.22 105 
    410 G10_comp7591_c0_seq1 Rubredoxin  
      
p 0.175 138 
413 G10_comp7591_c0_seq1 Rubredoxin  
     
g p 0.179 134 
211 Bc12_comp7437_c0_seq1 Superoxide dismutase 1  S g p 0.56 31 
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Table 4.3: Most abundant proteins identified in bovine and feline Tritrichomonas foetus secretomes using 2DE coupled with LC-MS/MS (continued) 
Spot 
No.
a
 
Accession No.
b
 Description
c
 Localisation
d
 
Bovine genotype Feline genotype 
PTM
e
 
Mean 
Normalised 
Vol (%)
f
 
Top 
200 
(rank)
g
 
PTM
e
 
Mean 
Normalised 
Vol (%)
f
 
Top 
200 
(rank)
g
 
 Oxidative-stress detoxification (continued)          
280 Bc12_comp7437_c0_seq1 Superoxide dismutase 1  S g  0.12 199 g p 0.442 42 
281 Bc12_comp7437_c0_seq1 Superoxide dismutase 1  S  p 0.60 25 g p* 0.490 35 
287 Bc12_comp7437_c0_seq1 Superoxide dismutase 1  S g  0.58 28  p 0.800 15 
391 G10_comp7061_c0_seq1 Superoxide dismutase 1  NS      p 0.445 41 
209 Bc12_comp7440_c0_seq1 Thioredoxin peroxidase  S/T g p 0.25 91     
210 Bc12_comp9865_c1_seq2 Thioredoxin peroxidase  NS/T 
  
0.13 182 g* p 0.446 40 
212 Bc12_comp7440_c0_seq1 Thioredoxin peroxidase  S/T 
 
p 0.12 194 
    282 Bc12_comp9865_c1_seq2 Thioredoxin peroxidase  NS/T g p 0.39 52 g p 0.140 164 
283 Bc12_comp9865_c1_seq2 Thioredoxin peroxidase  NS/T g p 0.47 39 g p 0.176 136 
288 G10_comp7010_c0_seq1 Thioredoxin peroxidase  NS g p 0.28 86 
  
0.188 129 
289 Bc12_comp7440_c0_seq1 Thioredoxin peroxidase  ST 
 
p 0.49 36 
 
p 0.216 111 
361 G10_comp7010_c0_seq2 Thioredoxin peroxidase  NS 
     
p 0.232 101 
390 G10_comp7010_c0_seq3 Thioredoxin peroxidase  NS/T 
    
g p 0.240 95 
77 Bc12_comp9865_c1_seq2 Thioredoxin peroxidase  NS/T 
    
g p 0.300 72 
117 Bc12_comp9865_c1_seq2 Thioredoxin peroxidase  NS/T 
    
g p 1.641 2 
222 Bc12_comp10022_c0_seq1 Thioredoxin-disulfide reductase family protein  
  
p 0.13 173 
 
p 0.309 68 
120 Bc12_comp8918_c0_seq2 Unnamed protein product  M g p 0.19 116         
126 Bc12_comp6883_c1_seq1 Unnamed protein product  S g* p 0.12 200         
174 G10_comp5933_c0_seq2 Unnamed protein product  
 
g p 0.21 106 g p 0.454 37 
293 Bc12_comp8918_c0_seq3 Unnamed protein product  
 
g 
 
0.13 177 
    294 Bc12_comp8918_c0_seq3 Unnamed protein product  
 
g p 0.57 30 g 
 
0.319 64 
295 Bc12_comp8918_c0_seq1 Unnamed protein product  
 
g p* 0.99 9 
    296 Bc12_comp8918_c0_seq3 Unnamed protein product  
 
g p 0.34 64 g 
 
0.222 107 
297 Bc12_comp8918_c0_seq2 Unnamed protein product  M g p 0.64 23 g 
 
0.265 85 
298 Bc12_comp8918_c0_seq2 Unnamed protein product  M g p 0.15 149 
    402 Bc12_comp8918_c0_seq3 Unnamed protein product  
     
g p 0.665 23 
19 Bc12_comp8918_c0_seq3 Unnamed protein product  
     
g* 
 
0.100 199 
 
Protease and protease inhibitors  
         250 Bc12_comp10771_c0_seq1 Clan CA, family C1, cathepsin H-like cysteine peptidase  NS g p 0.35 61 
    100 Bc12_comp7439_c0_seq1 Clan CA, family C1, cathepsin L-like cysteine peptidase  
 
g p* 2.32 2        
231 Bc12_comp7439_c0_seq1 Clan CA, family C1, cathepsin L-like cysteine peptidase  NS 
 
p* 0.19 121 
    232 Bc12_comp7439_c0_seq1 Clan CA, family C1, cathepsin L-like cysteine peptidase  NS g p 0.69 20 g p 0.748 16 
253 G10_comp8009_c0_seq1 Clan CA, family C1, cathepsin L-like cysteine peptidase  M/NS g p 1.33 5 
    392 Bc12_comp7439_c0_seq1 Clan CA, family C1, cathepsin L-like cysteine peptidase  NS 
    
g p 0.343 57 
47 Bc12_comp7342_c0_seq1 Cysteine protease 7 NS g 
 
0.22 104         
239 G10_comp7071_c0_seq1 Cysteine protease 7 S g 
 
0.21 112 g p* 0.190 127 
240 G10_comp7071_c0_seq1 Cysteine protease 7 S g p 0.74 16 g p 1.543 3 
244 G10_comp7071_c0_seq1 Cysteine protease 7 S g p 0.29 84 g p 0.406 48 
246 Bc12_comp7342_c0_seq1 Cysteine protease 7 NS g* 
 
0.35 62 
  
0.156 151 
105 G10_comp7071_c0_seq1 Cysteine protease 7  S 
     
p 0.200 119 
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Table 4.3: Most abundant proteins identified in bovine and feline Tritrichomonas foetus secretomes using 2DE coupled with LC-MS/MS (continued) 
Spot 
No.
a
 
Accession No.
b
 Description
c
 Localisation
d
 
Bovine genotype Feline genotype 
PTM
e
 
Mean 
Normalised 
Vol (%)
f
 
Top 
200 
(rank)
g
 
PTM
e
 
Mean 
Normalised 
Vol (%)
f
 
Top 
200 
(rank)
g
 
 Protease and protease inhibitors (continued)          
98 Bc12_comp7439_c0_seq2 Cysteine protease 8  g p* 3.18 1         
229 Bc12_comp7439_c0_seq2 Cysteine protease 8  g p 0.75 15 g p 0.693 20 
230 Bc12_comp7439_c0_seq2 Cysteine protease 8  g p 0.18 125  p 0.199 120 
251 Bc12_comp7439_c0_seq2 Cysteine protease 8    0.37 55     
254 Bc12_comp7439_c0_seq2 Cysteine protease 8  g p 1.31 6 g p 1.419 4 
371 G10_comp8179_c0_seq1 Cysteine protease 8  S/T     g* p 0.292 76 
400 Bc12_comp7439_c0_seq2 Cysteine protease 8  
     
g p 0.299 73 
401 Bc12_comp7439_c0_seq2 Cysteine protease 8  
     
g p 0.843 13 
242 G10_comp11290_c0_seq1 Cysteine proteinase  M g p 0.44 43 g p 0.381 51 
252 Bc12_comp10406_c0_seq1 Cysteine proteinase 5  NS 
 
p* 0.21 107 
    99 Bc12_comp10065_c0_seq1 Clan CD, family C13, asparaginyl endopeptidase-like cysteine peptidase  S g p 1.09 8        
198 Bc12_comp10065_c0_seq1 Clan CD, family C13, asparaginyl endopeptidase-like cysteine peptidase  S 
  
0.17 132 
    233 Bc12_comp10065_c0_seq1 Clan CD, family C13, asparaginyl endopeptidase-like cysteine peptidase  S 
  
0.12 197 
  
0.169 143 
234 Bc12_comp10065_c0_seq1 Clan CD, family C13, asparaginyl endopeptidase-like cysteine peptidase  S g p 0.44 42 
    396 G10_comp7352_c0_seq1 Clan CD, family C13, asparaginyl endopeptidase-like cysteine peptidase  
     
g p 0.364 54 
322 G10_comp7675_c0_seq1 Clan M-, family M49, dipeptidylpeptidase III-like metallopeptidase  
   
0.19 119 g* p 0.485 36 
303 G10_comp11111_c0_seq1 Clan MG, familly M24, aminopeptidase P-like metallopeptidase  NS g p 0.14 169 
    304 Bc12_comp10981_c0_seq1 Peptidase T  
 
g 
 
0.14 166 
    326 Bc12_comp10981_c0_seq1 Peptidase T  
 
g 
 
0.16 137 
    160 Bc12_comp5305_c0_seq1 GP63-like  S/T g p 0.14 164 
    247 Bc12_comp3659_c0_seq1 Immuno-dominant variable surface antigen-like  NS/T g p 0.45 41 
    261 Bc12_comp3659_c0_seq1 Immuno-dominant variable surface antigen-like  NS/T g* p 0.34 65 
    263 Bc12_comp3659_c0_seq1 Immuno-dominant variable surface antigen-like  NS/T g p 0.21 108 
    45 Bc12_comp10045_c0_seq1 Clan SB, family S8, subtilisin-like serine peptidase  T g 
 
0.32 69        
168 Bc12_comp9897_c0_seq2 Clan SB, family S8, subtilisin-like serine peptidase  S/T g 
 
0.13 184 
    173 G10_comp7281_c0_seq1 Clan SB, family S8, subtilisin-like serine peptidase  T g 
 
0.83 14 g p 0.338 58 
320 Bc12_comp10598_c0_seq1 Clan SC, family S9, unassigned serine peptidase  T g 
 
0.18 124 
    226 G10_comp7804_c0_seq1 Clan IH, family I25, phytocystatin-like peptidase inhibitor  S/T g p 0.24 95 
  
0.164 146 
189 G10_comp2876_c0_seq1 Serine protease inhibitor  
 
g p 0.14 159 
    190 G10_comp2876_c0_seq1 Serine protease inhibitor  
  
p 0.15 147 
    255 Bc12_comp7451_c0_seq2 Serine protease inhibitor  S/T g p 0.36 59 
    395 G10_comp2876_c0_seq1 Serine protease inhibitor  
     
g p 0.305 70 
 
Protein processing  
         156 Bc12_comp10891_c0_seq1 Adenosylhomocysteinase  
 
g p 0.88 13 
 
p 0.719 18 
307 Bc12_comp10891_c0_seq1 Adenosylhomocysteinase  
 
g p 0.69 19 g p 0.827 14 
366 Bc12_comp10891_c0_seq1 Adenosylhomocysteinase  
     
g 
 
0.135 169 
132 Bc12_comp10891_c0_seq1 Adenosylhomocysteinase  
     
g 
 
0.132 175 
206 Bc12_comp10859_c0_seq1 Family T1, proteasome alpha subunit, threonine peptidase  NS g p 0.25 90 
    207 G10_comp7571_c0_seq1 Family T1, proteasome alpha subunit, threonine peptidase  NS g 
 
0.12 195 
    265 Bc12_comp10859_c0_seq1 Family T1, proteasome alpha subunit, threonine peptidase  NS g p 0.69 21 g p 0.247 94 
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Table 4.3: Most abundant proteins identified in bovine and feline Tritrichomonas foetus secretomes using 2DE coupled with LC-MS/MS (continued) 
Spot 
No.
a
 
Accession No.
b
 Description
c
 Localisation
d 
Bovine genotype Feline genotype 
PTM
e
 
Mean 
Normalised 
Vol (%)
f
 
Top 200 
(rank)
g
 
PTM
e
 
Mean 
Normalised 
Vol (%)
f
 
Top 200 
(rank)
g
 
 Protein processing (continued)           
285 Bc12_comp10500_c0_seq1 Family T1, proteasome alpha subunit, threonine peptidase  M   0.17 129     
350 G10_comp7520_c0_seq1 Family T1, proteasome alpha subunit, threonine peptidase         0.174 140 
405 Bc12_comp10500_c0_seq1 Family T1, proteasome alpha subunit, threonine peptidase  M       0.215 113 
364 G10_comp8561_c0_seq1 Family T1, proteasome alpha subunit, threonine peptidase  NS     g  0.206 118 
73 G10_comp8561_c0_seq1 Family T1, proteasome alpha subunit, threonine peptidase  NS     g* p 0.350 55 
140 Bc12_comp10452_c0_seq1 Family T1, proteasome beta subunit, threonine peptidase     0.13 178  p 0.164 145 
388 G10_comp7610_c0_seq1 Family T1, proteasome beta subunit, threonine peptidase  NS/T     g p 0.275 81 
223 G10_comp6989_c0_seq1 Polyubiquitin  
 
g p 0.39 51 
    373 Bc12_comp10296_c0_seq1 Ubiquitin-conjugating enzyme family protein  NS 
     
p 0.198 121 
 
Signalling/Chaperone 
 
         145 Bc12_comp9675_c0_seq1 14-3-3 protein  NS 
 
p 0.19 117 g p 0.263 86 
216 Bc12_comp9675_c0_seq1 14-3-3 protein  NS 
 
p 0.41 49 
 
p 0.260 87 
221 Bc12_comp9675_c0_seq1 14-3-3 protein  NS 
 
p 0.18 127 
    228 Bc12_comp9675_c0_seq1 14-3-3 protein  NS 
 
p 0.17 130 
  
0.150 157 
237 G10_comp6986_c0_seq2 14-3-3 protein  
  
p 0.46 40 g p* 0.665 24 
238 G10_comp6986_c0_seq3 14-3-3 protein  
  
p 0.30 76 g p* 0.503 34 
241 G10_comp7821_c0_seq1 14-3-3 protein  S/T 
  
0.36 57 g p 0.337 59 
243 G10_comp9362_c0_seq1 14-3-3 protein  NS g p 0.29 80 g p 0.327 62 
248 G10_comp7821_c0_seq1 14-3-3 protein  T g 
 
0.12 198 
    375 Bc12_comp9675_c0_seq1 14-3-3 protein  NS 
    
g 
 
0.121 189 
376 Bc12_comp9675_c0_seq1 14-3-3 protein  NS 
    
g p 0.109 198 
397 G10_comp6986_c0_seq4 14-3-3 protein  
     
g p 0.315 65 
341 G10_comp17976_c0_seq1 14-3-3 protein  NS    0.181 133 
359 Bc12_comp9942_c0_seq1 14-3-3 protein         0.156 149 
377 Bc12_comp10567_c0_seq1 14-3-3 protein  NS     g p 0.089 200 
384 G10_comp11585_c0_seq1 C2 domain containing protein  S     g  0.233 100 
213 Bc12_comp10092_c0_seq1 C2 domain containing protein  S/T g p 0.25 93 
    352 G10_comp7690_c0_seq1 C2 domain containing protein  NS 
      
0.170 142 
219 Bc12_comp11341_c0_seq1 Calmodulin  NS g p 0.22 101 
 
p 0.248 93 
54 G10_comp7004_c0_seq1 Cytosolic heat shock protein 70  T g p 0.30 78         
179 G10_comp7004_c0_seq1 Cytosolic heat shock protein 70  T 
  
0.16 135 
    311 G10_comp7004_c0_seq1 Cytosolic heat shock protein 70  T g p 0.47 38 
  
0.124 186 
312 G10_comp7004_c0_seq1 Cytosolic heat shock protein 70  T g* p 0.12 189 
    313 G10_comp7004_c0_seq1 Cytosolic heat shock protein 70  T 
  
0.24 96 
 
p 0.144 161 
314 G10_comp7004_c0_seq1 Cytosolic heat shock protein 70  T g p 0.19 123 
    327 G10_comp7004_c0_seq1 Cytosolic heat shock protein 70  T g p 0.31 72 
  
0.176 137 
368 G10_comp3929_c0_seq1 Erythrocyte membrane protein 3  T 
    
g* 
 
0.208 117 
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Table 4.3: Most abundant proteins identified in bovine and feline Tritrichomonas foetus secretomes using 2DE coupled with LC-MS/MS (continued) 
Spot 
No.
a
 
Accession No.
b
 Description
c
 Localisation
d
 
Bovine genotype Feline genotype 
PTM
e
 
Mean 
Normalised 
Vol (%)
f
 
Top 200 
(rank)
g
 
PTM
e
 
Mean 
Normalised 
Vol (%)
f
 
Top 200 
(rank)
g
 
 Signalling/Chaperone (continued)           
385 Bc12_comp19533_c0_seq1 Erythrocyte membrane protein 3       g p 0.448 39 
356 G10_comp6265_c0_seq1 GDP dissociation inhibitor family protein  S/T     g  0.154 154 
383 G10_comp6265_c0_seq1 GDP dissociation inhibitor family protein  S/T     g p 0.898 9 
389 G10_comp8276_c0_seq1 GDP dissociation inhibitor family protein  NS      p 0.135 170 
411 G10_comp7099_c0_seq1 GDP dissociation inhibitor family protein        p 0.155 153 
412 G10_comp7099_c0_seq1 GDP dissociation inhibitor family protein       g p 0.548 29 
414 Bc12_comp9937_c0_seq1 GDP dissociation inhibitor family protein  NS     g  0.176 135 
406 G10_comp5110_c1_seq1 Peptidyl-prolyl cis-trans isomerase F, PPIF       g  0.122 188 
200 Bc12_comp10211_c0_seq1 Peptidyl-prolyl cis-trans isomerase, FKBP-type family protein   g p 0.32 71     
224 Bc12_comp10211_c0_seq1 Peptidyl-prolyl cis-trans isomerase, FKBP-type family protein   g p 1.85 3  p 2.738 1 
225 Bc12_comp10211_c0_seq1 Peptidyl-prolyl cis-trans isomerase, FKBP-type family protein    p 0.29 79  p 0.391 49 
386 G10_comp6265_c0_seq1 Peptidyl-prolyl cis-trans isomerase F, PPIF  S/T     g  0.165 144 
186 Bc12_comp10693_c0_seq1 Serine/threonine protein phosphatase  
 
g 
 
0.18 126 
    354 Bc12_comp10025_c0_seq1 Small GTP-binding protein  NS 
     
p 0.313 66 
387 G10_comp6265_c0_seq1 Small GTP-binding protein  S/T g  0.275 83 
 
Vesicular transport/trafficking 
 
         220 Bc12_comp9707_c0_seq8 Adaptin N terminal region family protein  
 
g p 0.25 92 g p 0.611 26 
309 Bc12_comp9937_c0_seq1 GDP dissociation inhibitor family protein  NS g 
 
0.19 118 
    318 Bc12_comp9937_c0_seq1 GDP dissociation inhibitor family protein  NS g p 0.49 37 
    274 Bc12_comp10237_c0_seq1 WD repeat protein  
   
0.12 191 
 
p 0.119 192 
275 G10_comp11189_c0_seq1 WD repeat protein  S g 
 
0.35 60 
 
p 0.287 77 
 
Unknown/other  
          92 Bc12_comp9995_c0_seq1 Hypothetical protein  S/T 
  
0.16 134       
107 Bc12_comp9965_c0_seq1 Uncharacterised S/T g* 
 
0.13 185         
130 Bc12_comp7520_c2_seq1 Hypothetical protein  
 
g* 
 
0.21 111         
139 G10_comp7066_c0_seq1 Hypothetical protein  M/NS g p 0.58 27 g p 0.721 17 
143 Bc12_comp10096_c0_seq1 Hypothetical protein  NS 
 
p 0.37 56 g p 0.275 82 
147 Bc12_comp10572_c0_seq1 Hypothetical protein  S g p 0.34 66 
    153 Bc12_comp9942_c0_seq1 Hypothetical protein  
 
g p 0.29 82 g p 0.216 112 
176 Bc12_comp9952_c0_seq1 Hypothetical protein  M 
  
0.33 67 g p 0.337 60 
178 Bc12_comp9952_c0_seq1 Hypothetical protein  M g 
 
0.13 172 g 
 
0.127 182 
193 G10_comp4592_c0_seq1 Hypothetical protein  
 
g* p 1.33 4 
    194 G10_comp4592_c0_seq1 Hypothetical protein  
   
0.12 192 
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Table 4.3: Most abundant proteins identified in bovine and feline Tritrichomonas foetus secretomes using 2DE coupled with LC-MS/MS (continued) 
Spot 
No.
a
 
Accession No.
b
 Description
c
 Localisation
d
 
Bovine genotype Feline genotype 
PTM
e
 
Mean 
Normalised 
Vol (%)
f
 
Top 200 
(rank)
g
 
PTM
e
 
Mean 
Normalised 
Vol (%)
f
 
Top 200 
(rank)
g
 
199 G10_comp4592_c0_seq1 Hypothetical protein  
 
g 
 
0.14 168 
    208 Bc12_comp10679_c0_seq1 Hypothetical protein  NS/T 
 
p 0.29 81 
    217 Bc12_comp9928_c0_seq1 Hypothetical protein  S 
 
p 0.22 103 
 
p 0.436 43 
249 Bc12_comp11519_c0_seq1 Calx-beta domain containing protein  S/T g* p 0.50 35 
    256 G10_comp6595_c1_seq1 Calx-beta domain containing protein  
 
g p 0.23 98 
    260 G10_comp4592_c0_seq1 Hypothetical protein  
 
g p 0.73 18 
    264 Bc12_comp7945_c0_seq1 Uncharacterised 
 
g* p* 0.95 11 
    267 Bc12_comp9942_c0_seq1 Hypothetical protein  
 
g 
 
0.12 196 g 
 
0.218 110 
315 Bc12_comp10041_c0_seq1 Hypothetical protein  
 
g* p 0.51 33 
    403 G10_comp6265_c0_seq1 Uncharacterised S/T 
     
p 0.119 193 
1 G10_comp6059_c0_seq1 Hypothetical protein  T 
    
g 
 
0.998 6 
3 G10_comp6059_c0_seq1 Hypothetical protein  T 
    
g 
 
0.128 181 
31 G10_comp6265_c0_seq1 Hypothetical protein EIN_105230  S/T 
    
g 
 
0.253 88 
55 Bc12_comp10017_c0_seq1 Hypothetical protein  NS/T 
      
0.115 197 
71 Bc12_comp10317_c0_seq1 Hypothetical protein  NS 
    
g p 0.227 106 
114 G10_comp6265_c0_seq1 Hypothetical protein EIN_105230  S/T 
    
g p 0.142 162 
122 G10_comp6265_c0_seq1 Hypothetical protein EIN_105230  S/T 
    
g* p 1.321 5 
123 G10_comp6265_c0_seq1 Hypothetical protein EIN_105230  S/T 
    
g* p 0.529 31 
124 G10_comp6265_c0_seq1 Hypothetical protein EIN_105230  S/T 
    
g* p 0.584 28 
135 G10_comp7105_c0_seq1 Hypothetical protein  
      
p 0.119 194 
a
Spot number assigned as listed in Figure 4.5 and Figure 4.6. 
b
Accession number assigned from T. foetus transcriptome. cName of protein identified by 
searching peak list generated from LC-MS/MS using Peaks. 
b
Ranking of the protein according relative protein abundance (i.e. mean normalised volume) 
with 1 being the most abundant and 200 being the least abundant. 
dLocalisation of proteins ‘S’ secretion signal predicted by two or more prediction servers. 
‘M’ Mitochondrion predicted subcellular location of proteins i.e. the sequence contains a mitochondrial targeting peptide; ‘NS’ Non-classical secretion 
predicted.
 ‘T’ transmembrane helices predicted within the protein sequence. eDenotes whether protein spot was reactive to ‘p’ Pro-Q® Diamond 
phosphoprotein or ‘g’ Pro-Q® Diamond glycoprotein. ‘*’ Indicates PTMs that were more abundant (> four-fold mean normalised volume) when comparing 
the bovine and feline T. foetus genotype. f Mean values of relative protein abundance. gRanking of the protein according relative protein abundance (i.e. 
mean normalised volume) with 1 being the most abundant and 200 being the least abundant. Only protein spots that returned a positive identification are 
included in this table. To assess the PTM of the unidentified proteins refer to Appendix 4.6.2. 
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Figure 4.9: Top 50 most abundant protein spots of (A) bovine and (B) feline Tritrichomonas foetus genotypes based 
on the mean normalised spot volume genotypes identified by 2DE/LC-MS/MS. Black bars represent protein spots 
identified in both genotypes. White bars represent protein spots only identified in one genotype. PPIase; Peptidyl-
prolyl cis-trans isomerase, FKBP-type family protein; CP, Cysteine protease; Tv Triosephosphate Isomerase, A Chain 
A, Crystal Structure Of Trichomonas vaginalis Triosephosphate Isomerase Tvag_497370 Gene (Ile-45 Variant). 
Proteoforms can be present in both genotypes or are unique to one genotype i.e. some of the proteoforms of CP8 are 
identified in both genotypes (black), while other proteoforms of CP8 are unique to only one genotype (white).  
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 Identification of T. foetus secreted glycoproteins  4.3.8
Glycoproteins unequivocally comprise the major biomolecules involved in extracellular processes. 
Given that a large number of proteoforms were identified in the secretome of both genotypes based on 
the disparity between observed and theoretical pI and MW, we were interested in assessing whether 
glycosylation was a major PTM within the secretome of T. foetus. To analyse the PTM at the protein 
level, T. foetus bovine and feline secretomes were resolved by 2DE and the glycoproteins were 
detected using Pro-Q
®
 Emerald 488 fluorescent stain. This analysis identified 64% (718 ± 53 of 1,113 
protein spots) of bovine T. foetus secretory proteins as being glycosylated, while only 41% (523 ± 48 
of 1,262 protein spots) of feline T. foetus secreted proteins were glycosylated (Figure 4.10 and Figure 
4.11). The majority of glycosylated proteins were resolved above 25 kDa. Interestingly, the majority 
of CPs identified in this study were glycosylated (Figure 4.10, Figure 4.11 and Figure 4.12). Some 
glycosylated protein spots were proteoforms of the same protein, which supports the different levels of 
glycosylation of the same protein. Comparative analysis was based on a ≥ four-fold change in intensity 
of glycosylation, as measured by the Pro-Q
®
 Emerald stained spot volume, when three independent 
biological secretome samples were analysed. Analysis revealed a delineation between the glycoprotein 
profiles of bovine and feline genotypes with 24 proteins spots more glycosylated in the bovine 
genotype, while only 16 protein spots were more glycosylated in the feline genotype.  
Differentially glycosylated proteins identified in bovine T. foetus included five proteases with 
potential roles in virulence (two proteoforms of CP7, CP8, subtilisin-like serine peptidase and 
immuno-dominant variable surface antigen-like), two proteoforms of cytosolic heat shock protein 70, 
and four proteins involved in carbohydrate metabolism (enolase, phosphoenol pyruvate carboxykinase, 
transaldolase and glycosyl hydrolase). Other glycosylated proteins included the antioxidant, unnamed 
protein product and the phosphatase, serine/threonine protein phosphatase PP1-gamma catalytic 
subunit, which have been implicated in host-parasite interactions. Protein and purine metabolic 
enzymes, glutamate decarboxylase and GMP synthase were also differentially glycosylated, 
respectively. The function of the remaining nine glycosylated proteins are unknown within parasite 
secretomes (Appendix 4.6.2). 
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Among the glycosylated proteins identified as being differentially abundant in feline T. foetus, 
three are proteases (CP7, CP8 and Clan M-family M49, dipeptidylpeptidase III-like metallopeptidase), 
five are involved in carbohydrate metabolism (triosephosphate isomerase, fructofuranosidase, HAD-
superfamily hydrolase, fructose-1,6-bisphosphate aldolase and phosphoenol pyruvate carboxykinase) 
and two in oxidative detoxification (thioredoxin peroxidase and unnamed protein product). The 
remaining differentially abundant glycosylated proteins included family T1, proteasome alpha subunit, 
threonine peptidase, erythrocyte membrane protein 3 and four hypothetical proteins with unknown 
function (Appendix 4.6.2).  
 Tritrichomonas foetus secretomes are reactive to phosphostain 4.3.9
Given the closely related trichomonad, T. vaginalis, contains one of the largest eukaryotic kinomes 
(Carlton et al., 2007, Yeh et al., 2013b), we were interested in ascertaining whether phosphorylation 
contributed to the large numbers of proteoforms identified in the secretome. Using a combination of 
2DE and Pro-Q
®
 Diamond fluorescent stain, the resolved secretomes were analysed for the presence of 
phosphorylated proteins. Image analysis identified 30% of both bovine (332 ± 79 of 1,113 protein 
spots) and feline (374 ± 33 of 1,262 protein spots) T. foetus secreted proteins as phosphorylated 
(Figure 4.10 and Figure 4.11). Similar to the glycosylated results, the majority of CPs were 
phosphorylated (Table 4.3, Figure 4.11, Figure 4.12 and Appendix 4.6.2). Comparative analysis 
revealed a slight delineation between the phosphoprotein profiles of bovine and feline genotypes. Only 
17 protein spots (eight bovine T. foetus and nine feline T. foetus) were identified with a ≥ four-fold 
change in intensity of phosphorylation, as measured by the Pro-Q
®
 Diamond stained spot volume, 
when three independent biological secretome samples were analysed (Appendix 4.6.2). 
The differentially phosphorylated protein spots were then identified using LC-MS/MS. The 
differentially phosphorylated proteins from bovine T. foetus were identified as proteases (two 
proteoforms of Clan CA, family C1, cathepsin L-like cysteine peptidase, CP8 and CP5) and proteins 
involved in carbohydrate metabolism (phosphoenol pyruvate carboxykinase and cytosolic malate 
dehydrogenase 2), detoxification (unnamed protein product) and the final protein was uncharacterised 
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and thus has unknown function. The differentially phosphorylated proteins of feline T. foetus have 
similar functions. These included the CP, CP7, three proteoforms of fructose-1,6-bisphosphate 
aldolase involved in carbohydrate metabolism and binding, superoxide dismutase 1 and thioredoxin 
peroxidase, both with roles in detoxification. Interestingly, two proteoforms of the signalling protein, 
14-3-3 protein was also identified, which is implicated to play a role in adaptation to diverse host 
environments (Appendix 4.6.2). 
CHAPTER 4: QUANTITATIVE PROTEOMICS OF T. FOETUS BOVINE AND FELINE SECRETOMES 229 
A 
 
B 
Figure 4.10: Glycoproteome of bovine and feline Tritrichomonas foetus secretomes. Glycosylated 
proteins of bovine (A) and feline (B) T. foetus secretomes resolved using 2DE and stained with Pro-Q® 
Emerald and colloidal coomassie. Red spots represent glycosylated proteins. Blue spots represent 
non-glycosylated proteins (biological triplicates). Combined images were generated using Delta 2D 
image analysis software. Only differentially glycosylated proteins are numbered according to the 
numbering system listed in Table 4.3 and Appendix 4.6.2. 
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Figure 4.11: Representative 2DE spot maps of bovine Tritrichomonas foetus secretomes. Secretomes 
(100 µg) were resolved in the first dimension by IEF (IPG, pH range 4-7, 11 cm), and the second 
dimension using 12.5% SDS-PAGE. Secretomes were sequentially stained with either (A) Pro-Q
®
 
Emerald stain to visualise glycoreactive sugar moieties bound to proteins or (B) Pro-Q
®
 Diamond stain 
to visualise phosphorylated proteins and then stained with (C) colloidal coomassie to identify the total 
number of resolved proteins. ‘□’ highlights glycosylated and phosphorylated cysteine proteases.  
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Figure 4.12: Representative 2DE spot maps of feline Tritrichomonas foetus secretomes. Secretomes 
(100 µg) were resolved in the first dimension by IEF (IPG, pH range 4-7, 11 cm), and the second 
dimension using 12.5% SDS-PAGE. Secretomes were sequentially stained with either (A) Pro-Q
®
 
Emerald stain to visualise glycoreactive sugar moieties bound to proteins or (B) Pro-Q
®
 Diamond stain 
to visualise phosphorylated proteins and then (C) colloidal coomassie stain to identify the total number 
of resolved proteins. ‘□’ highlights glycosylated and phosphorylated cysteine proteases. 
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 A 
 
B 
 
Figure 4.13: Phosphoproteome of bovine and feline Tritrichomonas foetus secretomes. 
Phosphorylated proteins of bovine (A) and feline (B) T. foetus secretomes resolved using 2DE and 
stained with Pro-Q
®
 Diamond and colloidal coomassie. Green spots represent phosphorylated 
proteins. Blue spots represent non-phosphorylated proteins (biological triplicates). Combined images 
were generated using Delta 2D image analysis software. Only differentially phosphorylated proteins 
are numbered according to the numbering system listed in Table 4.3 and Appendix 4.6.2. 
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 GO annotations 4.3.10
The functional categories of the bovine and feline T. foetus secretomes were annotated with gene 
ontology (GO) terms. A total of 207 (95% of 218 proteins) proteins from the bovine genotype and 228 
(99% of 231 proteins) proteins from the feline genotype were assigned GO terms. Annotation at the 
GO level revealed subtle differences in GO annotation and functional category distribution between 
bovine and feline genotypes. According to biological process categories, there is little difference 
between genotypes when all identified proteins (i.e. ≥ four-fold abundant, 1:1 abundance, top 200 
abundant) are considered (Figure 4.14). The bovine genotype had fewer sequences involved in carbon 
utilisation, single organism signalling and macromolecule localisation, while the feline genotype had 
fewer sequences involved in cellular component organisation and regulation of metabolic process. A 
distinction between the top GO terms was more apparent following annotation of proteins according to 
their molecular function. Protein sequences with lipid binding and carbohydrate binding were not 
observed in the bovine genotype, while sequences with transmembrane transporter activity and 
oxidoreductase activity were absent in the feline genotype. Fewer sequences were involved in lyase 
activity (4% versus 7%) and protein binding (4% versus 9%) in the bovine genotype. Hydrolase 
activity (18% bovine genotype) and ion binding (12% feline genotype) were the most enriched GO 
terms in the bovine and feline genotype, respectively (Figure 4.14).  
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Figure 4.14: Highest ranked gene ontology (GO) annotations of proteins identified in the secretomes of bovine and feline Tritrichomonas foetus genotypes. Proteins 
from bovine (black) and feline (white) T. foetus secretomes were assigned GO terms according to their molecular function and biological process. 
CHAPTER 4: QUANTITATIVE PROTEOMICS OF T. FOETUS BOVINE AND FELINE SECRETOMES 235 
A similar trend was observed when the top 200 most abundant proteins were annotated according 
to GO (Appendix 4.6.9). However, GO annotations of proteins that varied in abundance by ≥ four-fold 
were more distinct (Figure 4.15). Within the biological process categories, sequences involved in 
regulation of multicellular organismal processes, carbon utilisation, system process and 
macromolecule localisation were unique to the feline genotype. In the molecular function category, 
lipid binding, isomerase activity and substrate-specific transporter activity were only observed in the 
feline genotype. Most notably, sequences with a protein binding function were highly represented in 
the feline genotype, while sequences with binding functions towards heterocyclic compounds, small 
molecules, organic cyclic compounds and carbohydrate derivatives were more represented in the 
bovine genotype. The differences in the number of sequences that were successfully annotated in the 
bovine and feline genotype cannot be discredited when accounting for this variation at the GO level. 
However, the large GO level distinction of the proteins ≥ four-fold differentially abundant likely 
reflects the phenotypic plasticity between genotypes (Figure 4.15). 
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Figure 4.15: Most represented gene ontology (GO) terms assigned to proteins varying four-fold or greater in abundance in secretomes of bovine versus feline 
Tritrichomonas foetus genotypes. Proteins from bovine (black) and feline (white) T. foetus secretomes were assigned GO terms according to their molecular 
function and biological process. 
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 Classical versus non-classical secretome predictions 4.3.11
Predictive secretion servers were used to assess whether proteins were secreted via classical (i.e. 
signal peptide) or non-classical pathways. Approximately 55% of proteins in the secretomes of the 
bovine (126/231) and feline genotype (117/218) were predicted to be secreted. Among these, 23% of 
proteins from the bovine (54/231) and feline (49/218) genotype were predicted to have a classical 
secretion sequence from a minimum of two prediction tools, indicating secretion via the 
endoplasmic/Golgi-dependent pathway (Appendix 4.6.2). An additional 31% of proteins (72/231) 
proteins from the bovine and feline (68/218) genotype were predicted to be secreted by a eukaryotic 
non-classical secretion signal. Within each secretome, 21% and 22% of proteins from the bovine 
(51/231) and feline (46/218) genotype had predicted transmembrane helices from at least two 
prediction tools. Analysis also revealed that 6% (14 proteins in both genotypes) of proteins were 
predicted to be located within mitochondria or in the case of trichomonads, hydrogenosomes. This is 
not uncommon as hydrogensomal proteins, such as pyruvate:ferredoxin oxidoreductase (AP120) and 
malic enzyme (AP65), moonlight as an adhesin proteins and have been identified on the cell surface or 
in the secretome of T. vaginalis (Moreno-Brito et al., 2005, Kucknoor et al., 2007, Collingridge et al., 
2010).  
The presence of these intracellular proteins could be explained by structures present in the 
extracellular space, such as exosomes and microvesicles, which adds further complexity to secretome 
analyses. Exosomes can contribute either to immune evasion, or, conversely, to elicit pathologic 
inflammatory reactions in the host {Szempruch, 2016 #1362}. The introduction of exosomes to low-
adhering T. vaginalis isolates increased adhesion of the parasites to ectocervical cells. This study also 
showed that the addition of purified exosomes from parasites with preferential adherence to male 
prostate epithelium cells or female ectocervical cells could transfer this tropism low-adhering isolates 
{Twu, 2013 #856}. If this observation has similar consequences for T. foetus host-adapted parasites, a 
mixed population of exosomes may also enable cross-infection between hosts.  
 Identification of enzymes within the T. foetus secretomes 4.3.12
Mapping the proteins identified in the secretomes of both genotypes to MEROPS enzyme codes 
identified 107 and 147 enzymes in the bovine and feline secretomes, respectively. Hydrolases were the 
CHAPTER 4: QUANTITATIVE PROTEOMICS OF T. FOETUS BOVINE AND FELINE SECRETOMES 238 
largest represented enzyme class in both genotypes (46 of 107 bovine genotype and 50 of 147 feline 
genotype), followed by oxidoreductases (23 of 107) in the bovine genotype and lyases (30 of 147) in 
the feline genotype (Figure 4.16).  
 
Figure 4.16: Number of enzymes identified in the secretomes of bovine and feline Tritrichomonas foetus 
genotypes. Enzymes were categorised according to their enzyme class.  
Given the large representation of hydrolases within the secretomes of both genotypes, proteases 
were then classified according to their catalytic type (Table 4.4). Proteases hydrolyse peptide bonds of 
proteins and include CPs identified in Chapter 2 and 3, which are key to virulence. To date, 
transcriptomic analysis has identified approximately 665 and 623 proteases in bovine and feline 
genotypes, respectively (Morin-Adeline et al., 2014). Of these, 389 from the bovine genotype and 346 
from the feline genotype are classified as CPs (Morin-Adeline et al., 2014, Slapeta et al., 2012, Sun et 
al., 2012, Huang et al., 2013, Mallinson et al., 1995). In this study of the secretome, a total of 31 and 
24 proteases from bovine and feline genotypes were identified, respectively. In agreement with the 
transcriptome analysis of T. foetus (Morin-Adeline et al., 2014), CPs were the largest enzyme type 
detected within the secretome of both genotypes. Annotated peptide sequences from 44 protein spots 
(23 spots from the bovine genotype and 21 spots from the feline genotype) were identified as CPs and 
included four variants of asparaginyl endopeptidases, eighteen cathepsin Ls and one cathepsin H from 
the bovine genotype (Figure 4.17) CPs from the feline genotype included two asparaginyl 
endopeptidases and twenty-one cathepsin Ls (Figure 4.18). Sequence alignments of CPs highlighting 
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the conserved catalytic residues and peptides identified using LC-MS/MS have been included in 
Figure 4.17 and Figure 4.18. In agreement with the findings of the transcriptome analysis of these two 
genotypes, CP8 (spot 98) was also found to be the most abundant protease within the bovine genotype, 
while CP7 (spot 240) was the most abundant CP in the feline genotype (Morin-Adeline et al., 2014). 
The mass spectra of a unique peptide differentiating CP8 and CP7 is included in Figure 4.19. 
Interestingly, we were able to identify metallo and serine proteases within the secretome of both 
genotypes, which to our knowledge have received little if any attention thus far in T. foetus research. 
 
Table 4.4: Proteases identified in Tritrichomonas foetus 2DE secretome analysis 
Catalytic type  
Number of proteases identified 
Bovine Feline 
 Cysteine 23 21 
 Metallo 9 2 
 Serine 4 1 
Inhibitor 5 2 
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Figure 4.17: Sequence alignments of the different cysteine protease clades, legumain and cathepsin L 
and Cathepsin H, identified in bovine Tritrichomonas foetus secretome. (A) Sequences are aligned 
with Legumain-like cysteine proteinase 1 (Q6EHZ7_LGMN_TV) from T. vaginalis (Leon-Felix et al., 
2004). Putative catalytic residues are boxed and the characteristic hydrophobic residues preceding the 
residues are highlighted purple. (B) Sequences are aligned with a Clan CA, family C1, cathepsin L-
like cysteine peptidase (Q27107_CATL_TV) from T. vaginalis (Mallinson et al., 1994). (C) This 
sequence is aligned with Clan CA, family C1, cathepsin H-like cysteine peptidase 
(A2FP35_CATH_TV). Cathepsin L-like and cathepsin H-like conserved catalytic residues (cysteine, 
histidine and asparagine) are boxed (□). The ‘ERFNIN’ motif is highlighted orange (■) and the 
glutamine residue providing stability to the tertiary structure is highlighted green (■). Amino acids 
highlighted red (■) denote an amino acid changes in CP 8 between genotypes. Peptide sequences 
identified using LC-MS/MS are highlighted blue (■). Sequences were aligned using TcoffeeWS 
(V8.99) and displayed using Jalview. Sequences were translated from the annotated bovine and feline 
T. foetus transcriptomes and corresponded to following protein spots: Bc12_comp10771_c0_seq1, 
spot 250; Bc12_comp10065_c0_seq1, spots 99, 198, 233 and 252; G10_comp8009_c0_seq1 spot 253; 
Bc12_comp7439_c0_seq1, spot 100, 231 and 232; G10_comp11290_c0_seq1, spot 242; 
Bc12_comp10406_c0_seq1, spot 252; G10_comp7071_c0_seq1, spots 144, 239, 240 and 244; 
Bc12_comp7342_c0_seq1, spots 47, 146 and 246; Bc12_comp7439_c0_seq2 spots 98, 229, 230, 251 
and 254. CP13, Clan CD, family C13, asparaginyl endopeptidase-like cysteine peptidase; CAC1, Clan 
CA, family C1, cathepsin L-like cysteine peptidase; CAC1H, Clan CA, family C1, cathepsin H-like 
cysteine peptidase. 
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Figure 4.18: Sequence alignments of the cysteine protease clades, legumain and cathepsin L identified 
in feline Tritrichomonas foetus. (A) Sequences are aligned with Legumain-like cysteine proteinase 
(CP) 1 (Q6EHZ7_LGMN_TV) from T. vaginalis (Leon-Felix et al., 2004). Putative catalytic residues 
are boxed and the characteristic hydrophobic residues preceding the residues are highlighted purple. 
(B) Sequences are aligned with a Clan CA, family C1, cathepsin L-like CP (Q27107_CATL_TV) from 
T. vaginalis (Mallinson et al., 1994). Cathepsin L-like conserved catalytic residues (cysteine, histidine 
and asparagine) are boxed (□). The ‘ERFNIN’ motif is highlighted orange (■) and the glutamine 
resiude providing stability to the tertiary structure is highlighted green (■). Amino acids highlighted 
red (■) denote an amino acid changes in CP8 between genotypes. Peptide sequences identified using 
LC-MS/MS are highlighted blue (■). Sequence were aligned using TcoffeeWS (V8.99) and displayed 
using Jalview. Sequences were from bovine and feline T. foetus translated transcriptomes and 
corresponded to following protein spots: Bc12_comp10065_c0_seq1, spot 233; 
G10_comp7352_c0_seq1, spot 396; G10_comp11290_c0_seq1, spot 242; Bc12_comp7439_c0_seq1, 
spots 232 and 392; G10_comp7071_c0_seq1, spots 144, 21, 105, 239, 240 and 244; 
Bc12_comp7342_c0_seq1 spots 103, 106, 146 and 246; Bc12_comp7439_c0_seq2, spots 229, 230, 
254, 400 and 401; G10_comp8179_c0_seq1, protein spot 371. CAC1, Clan CA, family C1, cathepsin 
L-like CP; CP13, Clan CD, family C13, asparaginyl endopeptidase-like CP. 
 
 
CHAPTER 4: QUANTITATIVE PROTEOMICS OF T. FOETUS BOVINE AND FELINE SECRETOMES 243 
 
A 
 
B 
Figure 4.19: Manual sequencing of the tandem mass spectra (MS/MS) corresponding to the single 
charged peptides YNVNQNDEDDLAAK unique to (A) cysteine protease (CP) 8 (m/z: 1623.74) and 
YVNVAQGDEDDLASK unique to (B) CP7 (m/z: 1707.76) from tryptic digests of the most abundant 
CP spots 98 and 240 in bovine and feline Tritrichomonas foetus secretomes, respectively. (▲) 
highlights the unique residues within he peptide sequences.  
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 Gelatin substrate gel electrophoresis  4.3.13
Secreted protein fractions were resolved under non-reducing conditions using gelatin zymography 
to comparatively analyse the proteolytic activities of proteins secreted by T. foetus genotypes. To 
ensure that the protease activity within the secretome was not due to cell lysis, total cellular proteins 
were resolved in parallel. Densitometry analysis identified a distinction between the proteolytic 
activities of the total cellular fractions and the secretomes of each genotype (Figure 4.20). The 
secretome of the feline genotype resolved proteolytic active proteins between 25 kDa and 70 kDa, 
which were absent in the corresponding total cellular fraction, while the total cellular fraction of the 
bovine genotype resolved two intense bands at 80 kDa and 70 kDa, which were absent its secretome 
fraction. Comparison of the secretomes of each genotype identified more intense proteolytic bands at 
90 kDa and 37 kDa in the feline secretome when compared with the bovine secretome. In contrast, the 
secretory fraction of bovine T. foetus had two additional sets of bands at 15 kDa and 10 kDa, and 29 
kDa and 75 kDa. Protease activity of the bovine genotype was not as intense in the secretome fraction 
between 35 kDa and 15 kDa when compared with the feline genotype. It is also interesting to note the 
proteolytic triplet bands just below 20 kDa are higher in the feline secretome. The same banding 
pattern was reproducible when the experiment was repeated with biologically independent secretome 
samples.  
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Figure 4.20: Comparative enzymatic analysis of bovine and feline Tritrichomonas foetus secretomes. 
(A) Secretomes (20 µg) were resolved on 12.5% SDS-PAGE copolymerised with 0.2% gelatin and 
stained using the colloidal coomassie staining protocol. (B) Representative chromatograms of bovine 
and feline T. foetus total cellular and secretome fractions obtained by densitometry scanning of the 
SDS-PAGE gels. Notable differences between samples based on densitometry analysis are represented 
by ‘’ to indicate a difference between total cellular and secretome fractions of a genotype and ‘’ to 
indicate a distinction between the bovine and feline secretome. 
 Two-dimensional zymogram profiles of T. foetus secretomes 4.3.14
To further differentiate the proteases within the secretome, 30 µg of secretome was resolved using 
2DE gelatin zymography. Bovine and feline secretomes resolved a distinct proteolytic pattern. In order 
to compare the pattern with the total cellular zymogram analysis performed in Chapter 2, 2DE 
zymograms were initially activated for 1 h. This activation time produced minimal proteolytic activity 
(Figure 4.21). Thus, the activation step was increased to 3 h. Using this longer activation time, a 
distinction was evident between the proteolytic activity of the two genotypes with six spots displaying 
proteolytic activity in the bovine secretome and four spots with proteolytic activity in the feline 
secretome (Figure 4.21). Proteolytic activity was concentrated in the acidic region of pI 4 to 5 and 
between 21 kDa and 12 kDa in the bovine genotype and 35 kDa and 16 kDa in the feline genotype. 
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Figure 4.21: Proteolytic activity of bovine and feline Tritrichomonas foetus secretomes using 
two-dimensional gel electrophoresis (2DE) zymography. Representative 2DE gelatin zymogram of 30 
µg of (A) bovine and (C) feline T. foetus secretomes proteins demonstrating the gelatinolytic activity 
profiles of each genotype activated for 1 h. Gelatinolytic activity of (B) bovine and (D) feline T. 
foetus secretomes activated for 3 h. All samples were separated in the first dimension by IEF using 
nonlinear pH 3-10 IPG strips and resolved by a 12.5% SDS PAGE containing 0.2% gelatin 
copolymerised within the resolving matrix.  
 Characterising the pH profile of the proteases in T. foetus secretomes 4.3.15
Tritrichomonas foetus bovine and feline genotypes contend with different physiological pH ranges 
in their respective host niches (bovine reproductive tract pH 7.4 to 7.8; feline digestive tract pH 5.3 to 
6.6). To assess if pH could influence the proteolytic activity of bovine and feline T. foetus secretomes 
and further delineate intrinsic differences between the two genotypes, a series of buffers, ranging from 
pH 2.5 to 8 were applied to the DQ gelatinase assay to test the pH tolerance of the proteases within the 
secretome of each genotype. Both genotypes exhibited similar relative gelatinase activity across the 
pH range tested and gelatinase activity was optimal at pH 7.6 (Figure 4.22). Interestingly, the 
proteolytic activity of the feline genotype was considerably less than that of the bovine genotype 
across the pH range tested. Also, the feline genotype maintained more constant gelatinase activity over 
a broader pH range, while the bovine genotype appeared to have a narrow optimal pH range peaking at 
pH 7.5 and then decreasing its proteolytic activity at pH 8.0 (Figure 4.22).  
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Figure 4.22: Effect of pH on gelatinase activity of Tritrichomonas foetus secretomes (25 ng). 
Gelatinase activity was measured at 37˚C for 75 min. Values represent the mean of two independent 
experiments performed using technical triplicates. 
 Identification of protease types in the secretome of T. foetus bovine and 4.3.16
feline genotypes 
During the comparative 1DE and 2DE analysis of secretomes, CPs, metalloproteases and serine 
proteases were identified using LC-MS/MS. To confirm the presence of these proteases, type specific 
protease inhibitors were incubated with the secretome at the optimum pH of 7.6 prior to adding DQ 
gelatin. Gelatinase activity of both genotypes was dramatically reduced following treatment with E-64 
and PMSF (Figure 4.23). E-64 inhibits the activity of CPs that play a role in T. foetus virulence. 
Although PMSF is inhibitory against serine proteases, it is also inhibitory towards papain-like CPs. 
This dual action would explain the variation in inhibition between PMSF and AEBSF, another serine 
protease inhibitor, which reduced the gelatinase activity of both genotypes. However, unlike PMSF, 
AEBSF did not completely inhibit the gelatinase activity of the secretomes. Gelatinase activity was 
also decreased using the metalloproteinase inhibitors, EDTA and 1,10-phenanthroline. Inhibition using 
1,10-phenanthroline was larger than EDTA, which could be due to the susceptibility of GP63 towards 
1,10-phenanthroline and not EDTA. Interestingly, although aspartyl proteases were not identified 
during LC-MS/MS analysis, Pepstatin A aspartyl protease inhibitor reduced gelatinase activity by 63% 
and 54% in the bovine and feline genotype, respectively. Comparison of the effect of each inhibitor on 
each genotype could not identify a significant difference between the genotypes following incubation 
with the majority of class specific inhibitors. An exception to this was Bestatin, an aminopeptidase 
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inhibitor, as the activity of feline T. foetus was reduced by 64% relative to the untreated control, while 
the gelatinase activity of the bovine genotype was only reduced by 2%.  
 
Figure 4.23: Inhibition of gelatinase activity of Tritrichomonas foetus secretomes (25 ng) by type 
specific inhibitors: 1 mM AEBSF; 10 µM Bestatin; 10 mM Phen, 1,10-Phenanthroline; 100 µM 
Pepstatin A; 300 µM E-64; 5 mM EDTA, 5 mM PMSF; Heat, 5 min at 95°C; Untreated, control. 
Gelatinase activity was measured at 37˚C for 75 min. Values represent the mean ± S.E.M. of a 
minimum of two independent experiments in triplicate. Statistically significant differences between 
the means were assessed using one-way ANOVA with the post-hoc Bonferroni method * P-value < 
0.05. 
 Detection of CP activity in T. foetus secretomes 4.3.17
Our quantitative proteomic analysis identified CPs as a major protease within the secretome. 
Therefore, CP activities of both genotypes were directly compared utilising fluorogenic peptide 
substrates specific for cathepsin L (Z-Leu-Arg-AMC and Z-Phe-Arg-AMC) and cathepsin B clades 
(Z-Arg-Arg-AMC). Both protease from each genotype efficiently cleaved all three substrates. 
However, the activity of feline T. foetus secretome was on average 49% less than that of the bovine 
genotype. Secretomes from both genotypes displayed highest activity against Z-Leu-Arg-AMC, 
followed by the Z-Arg-Arg-AMC and Z-Phe-Arg-AMC (Figure 4.24). The activity of the bovine 
genotype was significantly greater against Z-Arg-Arg-AMC (~1.6 fold greater) than that of the feline 
genotype. 
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Figure 4.24: Cysteine protease (CP) activity of bovine and feline secretomes (25 ng) against 
specific CP fluorogenic substrates: Z-LR-AMC, Z-Leu-Arg-AMC; Z-FR-AMC, Z-Phe-Arg-
AMC; and Z-RR-AMC, Z-Arg-Arg-AMC; and. Protease activity was measured at 37˚C for 10 
min. Values represent the mean ± S.E.M. of three independent experiments in triplicate. 
Statistically significant differences between the means were assessed using one-way ANOVA 
with the post-hoc Bonferroni method * P-value < 0.05. 
 
 Protein expression of recombinant bovine and feline Cystatin C  4.3.18
Cystatin C is an endogenous inhibitor of CPs found in both bovine and feline hosts. Although the 
secretion of cystatin C has not been specifically studied in cattle and cats, localisation studies have 
shown this molecule to be secreted within the urogenital tract and gastrointestinal tract of other 
mammals (Lignelid and Jacobsson, 1992, Jiborn et al., 2004). Here we used the host factor cystatin C 
in an attempt to provide further distinction between the CP activities of the secretome from each 
genotype. In order to establish the inhibitory function of cystatin C against T. foetus secretomes, the 
gene sequences encoding bovine and feline cystatin C were codon-optimised for expression in 
P. pastoris with a C-terminal His6-tag (Appendix 4.6.3). The bCysC gene codes for a protein of 156 
amino acids and has a MW of 17.21 kDa (14.39 kDa without the signal peptide) (Figure 4.25 and 
Appendix 4.6.4). The fCysC gene codes for a protein of 155 amino acids and has a MW of 17.04 kDa 
(14.55 kDa without the signal peptide) (Figure 4.25 and Appendix 4.6.5). Both genes were cloned into 
the pPinkα-HC parent vector (Figure 4.26). 
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Figure 4.25: Multiple sequence alignment of bovine and feline Cystatin C amino acid sequences. The 
asterisk (*) indicates identical aligned residues. The predicted signal sequence is underlined. 
Conserved cysteine residues and the primary structure of the cystatin superfamily are boxed (). 
Alignments were performed using CLUSTAL 0 (1.2.1). bCysC, bovine Cystatin C; fCysC feline 
Cystatin C. 
BCysC was successfully expressed as a His6-tagged protein in PichiaPink
TM
 and secreted into the 
medium. The supernatant containing the recombinant protein was purified by Ni
2+
 affinity 
chromatography and purification of bCysC produced protein of the expected MW of 14.39 kDa, as 
shown when resolved on a SDS-PAGE and confirmed using western blot analysis (Figure 4.27 and 
Appendix 4.6.7).  
Exhaustive attempts at expressing fCysC were unsuccessful in this study (Appendix 4.6.8). The 
construct was successfully cloned into the expression vector, and linearised pPinkα-HC-fCysC-6H 
was confirmed to have integrated with the expression strain PichiaPink
TM
 strain 1. Attempts to 
optimise expression were made by expressing fCySC at different temperatures (15˚C and 20˚C) and 
adjusting the amount of methanol added to the yeast culture in an attempt to regulate the AOX1 
promotor. The gene was then transformed into other PichiaPink
TM
 strains (2, 3 and 4). However, 
expression of the protein was unable to be achieved.  
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Figure 4.26: Schematic of the two final plasmids constructed in this investigation for the expression of 
(A) bovine Cystatin C and (B) feline Cystatin C in PichiaPink
TM
. AOX1 promoter is regulated by 
methanol and is used to drive expression of Cystatin C. The secretion signal sequence, α-mating 
factor, enables secretion of the recombinant protein. ADE2 selects for the transformants by allowing 
growth on medium lacking adenine. Linearization of the vector occurs in the TRP2 locus, which 
allows for integration into PichiaPink
TM
. CYC1 encodes the transcription termination region. AmpR, 
ampicillin resistance coding sequence for selection in E. coli. The construct contains (A) bovine 
Cystatin C or (B) feline Cystatin C gene fused to a His6 tag at the C-terminus. Restriction enzyme 
binding site SpeI, was used to linearise the plasmid for transformation in PichiaPinkTM strains. 
 
 
CHAPTER 4: QUANTITATIVE PROTEOMICS OF T. FOETUS BOVINE AND FELINE SECRETOMES 252 
 
Figure 4.27: Expression and inhibition assays of bovine cystatin C (bCysC) against bovine and feline 
Tritrichomonas foetus secretomes. Supernatants from PichiaPinkTM cultures expressing bCysC were 
resolved on 4-12% gradient gels. (A) After transfer to 0.2 μm nitrocellulose, bands were 
immunodetected with mouse anti-histidine (His6-tag) antibody and subsequently visualized with 
peroxidase labelled Anti-polyHistidine antibody produced in mouse. (B) LC-MS/MS coverage of 
bCysC. Sequence underlined denotes the N-terminal signal peptide of bCysC. Peptides identified 
using LC-MS/MS are bold and shaded grey. (C) IC50 assays of bCysC against bovine and feline 
secretomes. All values were corrected for background fluorescence and expressed relative to the 
fluorescence obtained in the absence of bCysC. IC50 calculation was based on the average of the IC50 
of three independent experiments each with technical triplicates. BCysC IC50 against the bovine 
genotype 38.76 ± 15.43 nM; feline genotype 13.71 ± 3.5 nM.  
To ascertain if proteolytic inhibition using a host endogenous inhibitor was different between T. 
foetus genotypes, inhibitory assays were performed to characterise the inhibitory function of the 
endogenous bovine CP inhibitor, bovine cystatin C (bCysC), against the secretomes of bovine and 
feline T. foetus. Given CPs from a range of clades were identified during the comparative proteomic 
analysis, gelatin was selected as a broad spectrum substrate to assess the inhibitory action of all CPs 
identified. BCysC inhibited the gelatinolytic activity of both the bovine and feline genotype in a dose 
dependent manner at nanomolar concentrations (Figure 4.27C). However, proteolytic activity from 
bovine T. foetus secretome was more resistant towards the inhibitory action of bCysC, producing an 
IC50 of 38.76 ± 15.43 nM, while the IC50 against the feline genotype was 13.71 ± 3.5 nM. The minimal 
gelatinase activity identified following treatment with concentrations of 250 nm of bCysC is most 
likely attributed to the other proteases present in the secretome, such as serine and metalloproteases.  
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 DISCUSSION 4.4
T. foetus is a fascinating parasite due to its unique host/organ tropism. However, the factors that 
contribute to the parasite’s host range/organ tropism are still poorly understood. The secretomes of T. 
foetus genotypes play a pivotal role in defining the ability of these parasites to interact with and 
establish infections within their respective hosts due to their involvement in biological processes key 
to virulence; specifically adhesion, signalling, proliferation, migration differentiation, morphogenesis 
and immunoregulation (Kusdian and Gould, 2014, Bayer-Santos et al., 2013, Roditi, 2016). Proteins 
with these secretomes are also attractive targets for novel therapeutics, vaccinations and biomarker 
discovery given that they are easily accessible to drug treatment due to their location in the 
extracellular space and are easily identified by the host’s immune system. The comparative proteomic 
analysis discussed in Chapter 2 and Chapter 3 focused on total cellular proteomes and were unable to 
show substantive evidence explaining the unique host/organ tropism of bovine and feline genotypes. 
Given the crucial role of the secretome in host-parasite interactions, this study characterised the 
secretomes of bovine and feline T. foetus genotypes, using 2DE coupled with LC-MS/MS. Enrichment 
of the analysis was performed using bioinformatic approaches and enzymatic fluorogenic substrate 
analyses. To our knowledge, this is the first quantitative comparative proteomic analysis of bovine and 
feline T. foetus secretomes providing evidence of potential host-adaptation and differentiation of the 
two genotypes. Moreover, this study contributes to the knowledge of the molecular mechanisms 
underpinning how T. foetus genotypes interact with their host and provides a significant baseline for 
future host-parasite interactions studies. 
 Secreted proteomes of T. foetus genotypes  4.4.1
Secretomes of both genotypes were 88% similar in size and like other protozoan parasites, such as 
Leishmania spp., P. falciparum, and T. vaginalis, the secretomes were large (Kucknoor et al., 2007, 
Silverman et al., 2008, Hiller et al., 2004). This study’s rigorous protocol, which included screening 
the culture at 3 h for viable trophozoites and only using secretomes from cultures with 95% viability, 
confirmed the complex profiles are from secreted or released proteins in serum-free culture 
supernatants under conditions where minimal lysis was detected (Alderete and Garza, 1984). 
Additionally, only ~4% and ~18% of the proteins identified in the previous total cellular proteome 
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study outlined in Chapter 2 and Chapter 3, respectively, were predicted to be secreted via classical and 
non-classical pathways, whereas over 50% of proteins identified in this secretome study were 
predicted to be secreted. The identification of proteins lacking a secretion signal is a common 
occurrence in protozoan parasites, including T. vaginalis (Queiroz et al., 2016, Pollo-Oliveira et al., 
2013, Grebaut et al., 2009, Twu et al., 2013). In fact, no proteins were found to contain an eukaryotic 
classical secretion signal in the  secretome analysis of T. vaginalis (Kucknoor et al., 2007). Secretome 
analysis of Leishmania dovani identified only 62% of proteins as secreted, with the majority of these 
proteins secreted via a non-classical secretion pathway (Silverman et al., 2008). The reason the 
remaining 50% of proteins lacked a secretion prediction in our current study could be attributed to the 
limited settings of the currently available secretion tools, which are not optimised towards protozoa. 
For example, the non-classical protein secretion server, SecretomeP 2.0, has prediction models for 
gram-negative bacteria, gram-positive bacteria and mammalian organisms. However, there is no 
prediction model for protozoa. The lack of prediction models for protozoa highlights the importance of 
conducting proteomic analysis and not merely relying on in silico analysis, which could exclude key 
molecules involved in host-parasite interactions.  
Given the unique host-specificity of these two genotypes, we were interested in identifying the 
extent to which this is reflected in secretome profiles of bovine and feline T. foetus. Based on GO 
functional and biological annotations, there were subtle differences between bovine and feline T. 
foetus. Since many of these processes and functions are essential for survival of parasites, even within 
a different host niche, it is not unusual for the functional annotation to only vary slightly. However, 
it’s the subtle variance in GO annotations of the secretome that could be contributing to 
host-adaptation of these genotypes.  
 Proteins involved in metabolism 4.4.2
Host shift and host range expansions of parasites are not unusual and its generally concluded that 
host-parasite interactions are more labile than originally perceived in order to accommodate this 
expansion. In order for a parasite to extend its host range, it must be able to i) acquire nutrients from 
its new host and ii) overcome the new host’s immune response (Thompson, 1998, Agosta et al., 2010). 
This secretome analysis identified a number of proteins that could be involved in both of these 
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processes. Of note were the number of enzymes that enable the metabolic versatility and large energy 
requirements of a generalist parasite adapting to a host niche. As an obligate parasite, T. foetus is 
dependent upon the host for most of its nutrients. Although little is known about the mechanisms used 
to acquire such nutrients, it is assumed that this process is largely dependent on enzymes released by 
the parasite. Even the carbohydrates, the preferred source of energy, are sourced from the host 
(Lindmark et al., 1989, Lindmark and Muller, 1973, Cerkasov et al., 1978). Secretion of enzymes, 
such as glycosidases and neuraminidases, catalyse the liberation of monosaccharides from the 
otherwise unusable major carbohydrate reservoirs within the host (Padilla-Vaca and Anaya-
Velazquez, 1997, Huffman et al., 2015). This enables the parasites’ survival and assists in the 
establishment of an infection (Hicks et al., 2000). Enzymes such as glycosyl hydrolase, involved in the 
degradation of carbohydrates, were identified in both genotypes. However, two proteoforms of 
glycosyl hydrolase were up-regulated the bovine genotype, while similar functioning enzymes, alpha-
galactosidase and amylase, involved in digesting cellulose and pectin, were up-regulated in the feline 
genotype (Sanchez-Moreno et al., 1992, Huffman et al., 2015, Smith et al., 2016). The present findings 
allude to the importance of metabolising host carbohydrates for energy production during colonisation 
by both bovine and feline genotypes, and suggests that although these parasites were cultured in the 
same media, there are subtle changes in secreted carbohydrate metabolic enzymes, which may have 
implications for the host/tissue tropism of T. foetus.  
Metabolic enzymes are not restricted to liberating carbohydrates for energy production. Some 
enzymes also provide a means to penetrate the mucin layer of the host. One of the initial barriers both 
bovine and feline genotypes must overcome as lumen dwelling parasites is the protective mucin layer 
(Linden et al., 2008). This protective barrier forms part of the host’s innate immune response 
(McGuckin et al., 2011). We identified three enzymes with putative roles in digesting the components 
of mucin. The presence of such enzymes with these capabilities are critical to enable adhesion and 
attachment of the parasite to the host epithelial cells. Multiple proteoforms of beta-hexosaminidase 
(spots 121, 134 and 163) were identified in the bovine genotype, of which only one of these 
proteoforms (spot 134) was identified in the feline genotype. This enzyme functions as an 
exochitinase, hydrolysing the terminal non-reducing N-acetyl-D-hexosamine residues in N-acetyl-β-
D-hexosaminidase, contributing to the degradation of chitin, a component of mucin (Sanon et al., 
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1998). Studies have shown that inhibition of N-acetyl-β-D-hexosaminidase also inhibits the growth of 
T. vaginalis (Sanon et al., 2005). However, it is unknown whether the mechanism of growth inhibition 
is a result of a reduction of free carbohydrates for energy production, or the inability to remodel chitin 
on the parasites’ cell surface during cell division. Interestingly, a variant of N-acetyl-β-D-
hexosaminidase, β-N-acetylglucosaminidase (spot 324), with a similar function was only identified in 
the bovine genotype (Connaris and Greenwell, 1997, Cifali and Dias Filho, 1999).  
This study also identified N-acetylneuraminate lyase in both the bovine genotype and feline 
genotype. A targeted approach was employed in the 2DE analysis, whereby only a select number of 
proteins spots were selected for LC-MS/MS analysis. Although N-acetylneuraminate lyase was only 
identified in the 1DE analysis of feline T. foetus, the protein spot representing N-acetylneuraminate 
lyase may have been precluded because it did not meet the criteria listed in Section 4.2.3.4. N-
acetylneuraminate lyase is an enzyme involved in the metabolism of sialic acids, which are a family of 
monosaccharides that are generally bound to glycolipids, glycoproteins, or oligosaccharides, on cell 
surfaces as components of mucus of higher animals. N-acetylneuraminate lyase is the final enzyme in 
the sialic acid degradative pathway and cleaves free sialic acid into acetylmannosamine and pyruvate 
(Traving and Schauer, 1998). In T. vaginalis, it was proposed that both N-acetylneuraminate lyase and 
beta-hexosaminidase were originally acquired via lateral gene transfer during phagocytosis of host 
microbiota, which has enabled adaptation to its human host (de Koning et al., 2000, Alsmark et al., 
2013). Likewise, acquisition of these enzymes via lateral gene transfer could be a mechanism used by 
T. foetus to adapt to the unique host/organ niche of bovine and feline genotypes. The up-regulation of 
this enzyme suggests a potential important role for N-acetylneuraminate lyase in the bovine genotype.  
Interestingly, a number of enzymes primarily involved in glycolysis and substrate-level 
phosphorylation, processes that typically occur in the parasite’s cytoplasm and hydrogenosome, 
respectively, were identified in both bovine and feline T. foetus secretomes (Lindmark et al., 1989, 
Lindmark and Muller, 1973, Cerkasov et al., 1978). Enzymes including enolase, phosphoglycerate 
kinase, fructose-1,6-bisphosphate and alcohol dehydrogenase were more abundant in the feline 
genotype. In contrast, only five proteoforms of the metabolic enzyme, phosphoenol pyruvate 
carboxykinase, were more abundant in the bovine genotype. It’s important to note that other 
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carbohydrate metabolic enzymes were identified in bovine and feline genotypes. The presence of these 
enzymes within the extracellular milieu are common in protozoan parasites, in particular 
glyceraldehyde-3-phosphate dehydrogenase, fructose-1,6 bisphosphate aldolase and malate 
dehydrogenase (Grebaut et al., 2009, Kucknoor et al., 2007, Alvarez et al., 2007, Bayer-Santos et al., 
2013, Ujang et al., 2016). Several metabolic enzymes moonlight as extracellular proteins and perform 
atypical roles key to host-parasite interactions (Jeffery, 1999, Gomez-Arreaza et al., 2014). Enolase, 
glyceraldehyde-3-phosphate dehydrogenase, triphosphate isomerase and malic enzyme, identified in 
this study, have been proposed to be key virulent factors (Miranda-Ozuna et al., 2016, Huang et al., 
2012, Mundodi et al., 2008). Acting as non-enzymatic adhesins in T. vaginalis, they are believed to be 
important in anchoring the parasite to the extracellular matrix, following destruction of the vaginal 
epithelium (Mundodi et al., 2008, Lama et al., 2009, Huang et al., 2012, Engbring and Alderete, 1998, 
Brugerolle et al., 2000, Miranda-Ozuna et al., 2016). Interestingly, alcohol dehydrogenase was also 
found to be up-regulated in a comparative proteomic analysis of E. histolytica with non-pathogenic E. 
dispar (Davis et al., 2009). Alcohol dehydrogenase has been reported to be a virulence factor in the 
parasite Entamoeba histolytica due to its ability to bind to the host holotransferrin (two ferric-iron 
ions) (Yang et al., 1994, Reyes-Lopez et al., 2011). Reasons for this dual function have been 
hypothesised to be the result of functional divergence following gene duplication, where one gene 
copy acquires a novel function, or each copy maintains the original function of the pre-existing gene 
(Huberts and van der Klei, 2010). A recent study highlighting the massive gene expansion of bovine T. 
foetus and T. vaginalis identified duplication of genes involved in carbohydrate metabolism, including 
fructose-1,6-bisphosphate aldolase, glyceraldehyde-3-phosphate dehydrogenase, phosphoenol 
pyruvate carboxykinase, malate dehydrogenase and enolase, which were also identified in our analysis 
(Oyhenart and Breccia, 2014). The same workers noted that the duplication of these genes such as 
these may have contributed to the adaptation of these parasites to their hosts. Furthermore, 
immunoproteomic analysis has identified a number of secreted metabolic enzymes, including enolase, 
triosephosphate isomerase, alcohol dehydrogenase and phosphoenol pyruvate carboxykinase, known 
to be antigenic in parasites including S. mansoni, Ascaris suum and Leishmania dovani (Asahi et al., 
2000, Chen et al., 2012, Gupta et al., 2007).  
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 Druggability targets 4.4.2.1
Interestingly, the druggability analysis performed by Morin-Adeline (2014) identified fructose-1,6-
bisphosphate aldolase as a potential drug target for feline trichomoniasis. The extracellular function of 
this enzyme is unknown in trichomonads. However, in parasitic organisms, secreted fructose-1,6-
bisphosphate aldolase plays a key role in motility, adhesion, invasion, differentiation and development 
(Lorenzatto et al., 2012, Tunio et al., 2010, Jewett and Sibley, 2003, Blume et al., 2015). Cross-linking 
assays have identified fructose-1,6-bisphosphate to display actin-binding properties in the parasite, 
Echinococcus granulosus, suggesting a role in host-parasite interactions (Lorenzatto et al., 2012). The 
identification of ten different proteoforms of fructose-1,6-bisphosphate aldolase as being differentially 
abundant in the secretome of the feline genotype suggests further investigation of the role fructose-
1,6-bisphosphate aldolase plays in host-parasite interactions is warranted and gives reason to speculate 
this protein plays a key role in determining the pathogenic phenotype of T. foetus.  
This same study identified another metabolic protein, fructofuranosidase, as the only druggable protein 
within the secretomes of both bovine and feline T. foetus. Characterisation of the recombinant form of 
fructofuranosidase in T. vaginalis demonstrated its role in hydrolysing the disaccharide sucrose to 
monosaccharides, glucose and fructose. Interestingly, although expression of fructofuranosidase in T. 
vaginalis was confirmed, sucrose was unable to support growth, potentially due to a lack of 
fructofuranosidase secreted from the parasite (Dirkx et al., 2014). In contrast, T. foetus is able to 
metabolise sucrose and, based on this current analysis, is secreted from both bovine and feline T. 
foetus (Rae and Crews, 2006, Lindblom, 1961). Taken together, the features of these proteins present 
an ideal dual drug target for bovine and feline trichomoniasis.  
Although carbohydrate metabolism provides the majority of ATP, it is not the sole source. For a 
scavenger such as T. foetus, constantly having to adapt to its dynamic host environment, energy must 
be procured using the host nutrients available at that time. Some of the energy-producing 
macromolecules are not carbohydrates and therefore must be metabolised via alternate pathways. One 
such alternate energy-producing pathway is arginine dihydrolase metabolism. In T. vaginalis, this 
pathway is thought to contribute to 10% of the ATP production (Yarlett et al., 1996). During this 
process, citrulline is catalysed with ornithine carbomyltransferase to produce carbamyl phosphate, 
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which is then phosphorylated with carbamate kinase to produces ATP (Kleydman et al., 2004). This 
alternate pathway has also been observed in the protozoa G. duodenalis (Ringqvist et al., 2008). Upon 
activation, metabolism of arginine depletes arginine from the growth medium, which can induce 
apoptosis in human cell lines, a histopathological feature typical of giardiasis (Stadelmann et al., 
2013). Given ornithine carbomyltransferase was identified as one of the 200 most abundant proteins in 
the feline genotype, which colonises a host niche similar to G. duodenalis, suggests ornithine 
carbomyltransferase may contribute to the versatile energy production pathways.  
While substrate-level phosphorylation of carbamyl phosphate is occurring during arginine 
dihydrolase metabolism, ornithine is rapidly decarboxylated to form putrescine. Putrescine is the 
precursor for the polyamines spermidine and spermine, which are essential to cell proliferation and 
differentiation (Pegg and McCann, 1982). Given that ornithine carbamoyltransferase is a rate limiting 
step of arginine dehydrolase metabolism (Yarlett et al., 1994), inhibiting this enzyme with the 
competitive inhibitor, 1,4-Diamino-2-butanone, results in significant decrease in polyamines and thus 
growth arrest and destruction of the hydrogenosome (Reis et al., 1999). Interestingly, this same 
treatment on T. vaginalis revealed putrescine regulates the expression, concentration, activity and 
cellular localisation of CPs, TvCP39 and TvCp65, which have roles in host cytotoxicity (Alvarez-
Sanchez et al., 2008, Carvajal-Gamez et al., 2014). Such findings support the hypothesis that 
putrescine production could also have an important role in T. foetus virulence mechanisms.  
Amongst eukaryotes, the turnover of intracellular proteins is primarily mediated by the ubiquitin-
proteasome system, which is highly conserved amongst all eukaryotes (Tanaka et al., 2012). This 
analysis identified proteins involved in the ubiquitin-proteasome system, namely, Family T1, 
proteasome alpha subunit, threonine peptidase and ubiquitin homologues in bovine and feline T. foetus 
which are secreted via a non-classical pathway, suggesting that the ubiquitin-proteasome system could 
play an important regulatory role during infection. One potential function of the extracellular 
proteasomes system could be to digest proteins in the extracellular milieu to release free amino acids 
unable to be synthesised de novo in the parasite. The critical role proteasome systems play in 
maintaining homeostasis in parasite-specific lifecycles makes them a promising source of suitable 
targets for drug development (Aminake et al., 2012, Tschan et al., 2011). In parasitic protists, 
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proteasomal proteolysis is required for replication, life stage-specific transformation and metabolic 
adaptation to environment changes or stress responses (Pereira-Neves et al., 2015, Paugam et al., 
2003). In T. foetus, treatment with a proteasomal inhibitor, lactacystin, prevented growth, cell cycle 
and differentiation, thus suggesting this system is essential to these processes (Pereira-Neves et al., 
2015). Most studies have focused on functions of proteasomal systems intracellularly located, rather 
than extracellularly located. However, it is plausible for extracellular proteasome subunits to be 
secreted as the distribution of the proteasome is highly dynamic and dependent on processes, such as 
cell cycle and growth conditions. Moreover, proteasome subunits have been identified in a number of 
parasite secretome, including Leishmania spp. and in the extracellular vesicles of Fasciola hepatica 
and Trypanosoma cruzi (Bayer-Santos et al., 2013, Cwiklinski et al., 2015, Cuervo et al., 2009, 
Silverman et al., 2008).  
Given their dependence on a host for survival, parasites are unable to synthesise certain molecules 
de novo. Parasites are highly dependent on scavenging host molecules (i.e. carbohydrates, amino 
acids, lipids and nitrogenous purine and pyrimidine bases) for biosynthesis of nucleic acids, proteins, 
metabolites and others (Wang et al., 1983b, Wang et al., 1983a, Beach et al., 1990). This analysis 
identified enzymes vital to salvaging purine from the host, including, adenosylhomocysteinase, 
ionosine-5`-monophosphate dehydrogenase (IMPDH) and guanosine 5′-monophosphate (GMP) 
synthase. These nucleases may aid in purine salvage from the host, which is obligatory for T. foetus, as 
they are incapable of de novo purine synthesis (Wang et al., 1983a, Wang et al., 1984). Some of the 
most distinct differences between mammalian hosts and protozoa are found within this pathway. For 
example, ionosine-5`-monophosphate dehydrogenase is only 24% and 26% similar to IMPDH 
expressed by the bovine and feline hosts, respectively. Not to mention IMPDH inhibitors selectively 
target parasite IMPDH, whithout inhibiting host IMPDH. During purine salvage, IMPDH catalyses the 
NAD-dependent oxidation of inosine 5′-monophosphate (IMP) to xanthosine 5′-monophosphate 
(XMP), a rate-limiting step in the biosynthesis of guanine nucleotides (Verham et al., 1987). The 
critical nature of IMPDH is underscored by the fact it is essential for cell proliferation. Inhibitory 
studies have shown that inhibition of IMPDH reduced guanine nucleotide levels in vivo, resulting in 
impeded cellular functions including DNA replication, RNA synthesis, and signal transduction (Carter 
et al., 1969, Franklin and Cook, 1969).  
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GMP synthase, the other salvage enzyme in this pathway, is an aminotransferase involved in 
catalysing the amination of XMP to GMP (Nakamura and Lou, 1995). Knockdown of GMP synthase 
in the protozoan parasite, Trypanosoma brucei, inhibited its growth and attenuated virulence in a 
mouse model (Li et al., 2015). Furthermore, analysis has confirmed GMP synthase expressed by the 
protozoan parasite, T. brucei, is a highly druggable target given its affinity towards drug-like inhibitors 
of homologs from other species (Li et al., 2015). Despite their typical intracellular location, these 
secreted salvage enzymes may be similar to other enzymes involved in purine metabolism and maybe 
localised on the cell surface, cleaving extracellular IMP and XMP. However, localisation studies are 
required to confirm this hypothesis. Here we identified an up-regulation of GMP synthase in the 
bovine genotype. The unique affinities and the potential roles of IMPDH and GMP synthase make 
them ideal drug targets. This finding contributes to the knowledge highlighting how parasites have 
adapted their metabolic pathways in order to survive within the host milieu and highlights the complex 
and essential interaction between parasite and host.  
 Antioxidants  4.4.3
The other essential task for T. foetus to extend its host range involves evading the host immune 
response. As a microaerophilic parasite, T. foetus must be able to overcome endogenous toxic 
metabolites (superoxide anions (O2
-
), hydrogen peroxide (H2O2) and hydroxyl radicals (OH
-
)), as well 
as oxidative bursts of the host immune system (O2, H2O2, OH
-
, hypochlorous acid (HOCl) and 
oxidising derivatives of nitric oxide (NO
.
), such as peroxynitrite (ONOO2
-
)), which readily and 
irreversibly damages T. foetus parasites (Lindmark and Muller, 1974, Coombs et al., 2004). 
Effectively antioxidant and detoxification systems are ubiquitous to all cells (Lu and Holmgren, 2014, 
Miller, 2012). However, the mode of action is dependent on the type of antioxidant and any associated 
PTM (Fridovich, 1997). Antioxidant defence systems of trichomonads utilise both thiol-dependent 
pathways and superoxide dismutase (FeSOD) as major detoxifying defence mechanisms (Ellis et al., 
1994). FeSOD catalyses the detoxification of O2
- 
to H2O2 and oxygen, and is an important defence 
against by-products of aerobic metabolism (Rein et al., 1980). In T. vaginalis, this enzyme contributes 
to host immune evasion by inactivating phagocytosis of host neutrophils. In T. foetus, FeSOD works 
as a chemoattractant of neutrophils, suggesting an additional role of host-parasite crosstalk (Rein et al., 
1980, Granger et al., 1997). SOD exerts its activity over a wide pH range (pH 5.0 to 9.5), which makes 
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it a suitable defence mechanism within the external host milieu of both bovine and feline genotypes 
(Sheng et al., 2014). T. foetus also uses a thiol-based antioxidant system in defence. Its importance as 
one of the major antioxidant defence mechanisms in trichomonads was confirmed when trichomonads 
responded to environmental changes resulting in increased oxidative stress by upregulating 
thioredoxin and thioredoxin peroxidase levels (Coombs et al., 2004). Together, these enzymes enable 
T. foetus to cope with exposure to fluctuating levels of oxygen/reactive oxygen species within their 
host niche (Coombs et al., 2004). Both genotypes secreted/released varying antioxidant protein 
profiles in this study. Interestingly, unique proteoforms of thioredoxin peroxidase (also termed 
peroxiredoxin) were up-regulated in bovine and feline T. foetus. Both genotypes also secreted iron 
dependent antioxidants, specifically FeSOD. The results from this analysis suggest survival of both 
genotypes from host reactive oxygen species (ROS) is dependent on a broad range of antioxidants 
(Coombs et al., 2004).  
Both bovine and feline T. foetus colonise two very distinct hosts in two distinct organ niches. This 
would suggest that within each genotype key virulent proteins are driving/facilitating this tropism. Our 
analysis identified a number of proteins involved in modulating pathogenicity within their respective 
host. An interesting protein is erythrocyte membrane protein 3, which was one of the 50 most 
abundant protein spots identified in the feline genotype. In P. falciparum, this protein is exported from 
the parasite and is believed to contribute to a reduction in plasticity of infected erythrocytes (Glenister 
et al., 2002). The protein modulates parasite cytoadherence by facilitating the trafficking of 
erythrocyte membrane protein 1, and ultimately plays an important role in immune evasion 
(Waterkeyn et al., 2000). The effect this protein exerts on the P. falciparum infected erythrocyte 
suggests it could potentially modulate host factors, enabling colonisation of a feline’s gastrointestinal 
tract.  
 Calcium-binding proteins  4.4.4
Our analysis identified a number of calcium-binding proteins in bovine and feline T. foetus 
secretomes. Within protozoan parasites, calcium-binding proteins are known to play important roles in 
host-parasite interactions, mediating adhesion, cell differentiation, extravesicular transport and both 
nutrient acquisition and immune evasion through its role in phagocytosis (Farrell et al., 2012, Aslam et 
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al., 2012, Somlata et al., 2011, Makioka et al., 2001). Calmodulin and C2 domain containing proteins 
were identified in both genotypes, while calreticulin was only identified in the feline genotype. 
Calreticulin is a multifunctional calcium-binding protein highly conserved in animals and plants and is 
secreted into host tissues by many parasites (Ximenez et al., 2014, Ferreira et al., 2004, Ramirez et al., 
2011, Valck et al., 2010). During infection, both Trypanosoma spp. and E. histolytica use calreticulin 
to evade the host immune response by binding C1q of the complement pathway, resulting in its 
inhibition (Ximenez et al., 2014, Ferreira et al., 2004). Within the bovine vagina, the role of T. foetus 
calreticulin in immune evasion would be beneficial given the presence of C1q and complement during 
menses (Alderete et al., 1995). The significance of this calcium-binding protein being more abundant 
in the feline genotype is currently unknown. Given the feline genotype colonises the gastrointestinal 
tract, calreticulin’s contribution to virulence is unclear, as this region is not readily exposed to the 
complement system with mucosal IgA playing a more vital role (Allenspach, 2011, Stokes and Waly, 
2006). However, it should be noted that experimental infection of cats with feline T. foetus causes 
mild inflammation of the lower digestive tract, increasing intestinal permeability. Thus, T. foetus could 
potentially become exposed to the host complement system (Gookin et al., 2001, Stockdale et al., 
2008). Indeed, this mechanism could potentially contribute to the chronic nature of feline 
trichomoniasis, as calreticulin could give rise to complement resistant parasites. Given this protein was 
also up-regulated in the secretome of a more virulent strain of trypanosomes, further investigation of 
the influence it exerts on host tropism is justified (Grebaut et al., 2009). This mechanism suggests that 
increased abundance of calreticulin could be a regulatory mechanism contributing to the adaptation 
and survival of T. foetus in the lower digestive tract of felines. 
 Phosphatases and kinases 4.4.5
PTMs are another protein regulatory pathway utilised by parasites to regulate the function of 
proteins not only from the parasite, but also its host. Evidence of this role has been demonstrated in T. 
gondii and P. falciparum, where secreted kinases and phosphates, enzymes involved in regulating 
phosphorylation, are responsible not only for actively regulating the parasite’s secreted 
phosphoproteins, but also play role in manipulating host proteins to ensure survival (Treeck et al., 
2011). Within T. gondii serine/threonine kinase, ROP18, is secreted into the parasitophorous vacuole 
(PV) and host cell cytoplasm during parasite invasion (Fentress and Sibley, 2011). Once in this 
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location, ROP18 not only phosphorylates ROP4 (Carey et al., 2004), it also phosphorylates host 
inhibitor-kappa B alpha (IκBα). This host protein is involved in signalling and, once phosphorylated, it 
promotes the activation of nuclear factor-kappa B (NF-κB) signalling cascade, which subverts host-
cell apoptosis and thus enables survival of the parasite within the PV (Molestina and Sinai, 2005, Wu 
et al., 2016). The recent comparative transcriptomic and current proteomic analyses (Chapter 2 and 
Chapter 3) of T. foetus highlighted a high degree of similarity between genotypes and suggested that 
perhaps another mechanism, such as PTMs, could be responsible for the unique host tropism of these 
genotypes (Morin-Adeline et al., 2014). This assumption is plausible given previous analysis of T. 
vaginalis has identified a massively expanded gene family of enzymes that regulate phosphorylation: 
169 phosphatases as well as one of the largest eukaryotic kinomes to date, with over ~880 genes 
encoding protein kinases (Carlton et al., 2007). Similarly, previous transcriptome analysis of T. foetus 
genotypes annotated 5,109 kinases (2,670 bovine genotype and 2,439 feline genotype) and 1,401 
phosphatases (756 bovine genotype and 645 feline genotype) (Morin-Adeline et al., 2014). Similarly, 
our secretome analysis focused on identifying the level to which T. foetus utilised PTMs, specifically 
glycosylation and phosphorylation. Within the secretome, 14 and 10 protein kinases were identified in 
the bovine and feline genotype, respectively. The presence of these, as well as four phosphatases from 
the bovine genotype, suggests a role of protein phosphorylation in host-parasite cross-talk and 
regulation of protein function beyond parasite borders.  
Secreted phosphatases have been a subject of interest in previous T. foetus analysis, given their role 
in hydrolysing extracellular phosphorylated substrates and enabling communication with host cells 
(De Jesus et al., 2006). Pereira-Neves et al. (2014) demonstrated an increase in the activity of an 
ectophosphatase (surface-localised phosphatase), protein tyrosine phosphatase in high cytotoxic strains 
of T. foetus. Moreover, this phosphatase differed in expression, biochemical properties and localisation 
between a trophozoite and pseudocyst form and low and high-cytotoxic strains, suggesting this 
ectophosphatase to be involved in virulence and differentiation (Pereira-Neves et al., 2014). Although 
this specific ectophosphatase was not identified in this analysis, four phosphatases unique to the 
bovine genotype were identified (two proteoforms of histidine acid phosphatase and two phosphatases 
from the serine/threonine phosphatase family).  
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Within Leishmania spp., and Trypanosoma spp., histidine acid phosphatases hydrolyse 
extracellular phosphorylated substrates and release free inorganic phosphate (Pi), enabling these 
parasites to obtain necessary nutrients from organic phosphates in their environment, a process 
essential for growth and differentiation (Gottlieb and Dwyer, 1981, Fonseca-de-Souza et al., 2009). Pi-
starvation resulted in a significant increase in phosphatase activity that correlates with parasite 
proliferation (Fonseca-de-Souza et al., 2008). Extensive analysis of histidine acid phosphatases 
secreted by Leishmania spp. promastigotes and amastigotes have also confirmed different proteoforms 
of histidine acid phosphates to be involved in specific developmental phenotypes within the parasite. 
The difference between the two proteoforms in Leishmania spp. was suggested to be due to PTMs, 
such as glycosylation (Debrabant et al., 2004). Interestingly, treatment with the phosphatase inhibitor, 
orthovanadate, increased the production of superoxide anions by neutrophils and macrophages, 
demonstrating histidine acid phosphatase contributes to virulence (Shakarian et al., 1997, Bates and 
Dwyer, 1987, Katakura and Kobayashi, 1988, Ellis et al., 1998). Although proteoforms of this enzyme 
vary in different phenotypes of Leishmania spp., immunochemical studies using monospecific 
antiserum and monoclonal antibodies raised against the purified phosphates have shown all 
proteoforms of histidine acid phosphatase to be antigenic (Doyle and Dwyer, 1993). Secreted histidine 
acid phosphatases have also been identified within exosomes of T. vaginalis, which has a very similar 
host niche environment to the bovine genotype (Twu et al., 2013). Analysis of acid phosphatase have 
demonstrated the enzymes to be highly resistant to proteolytic degradation, which has been attributed 
to their hyperglycosylation (Bates and Dwyer, 1987). According to the glycostain analysis undertaken 
in this current study, one proteoform of histidine acid phosphatase (spot 308) in the bovine genotype 
was heavily glycosylated. It is interesting to note that glycosylation could serve to enhance parasite 
virulence by protecting proteins from the proteases secreted by the parasite into the host milieu or host 
proteins capable of destroying pathogen virulence factors.  
The other phosphatases identified in the bovine genotype were from the serine/threonine 
phosphatase family. These phosphatases regulate diverse cellular processes, including cell cycle 
progression, protein synthesis, muscle contraction, carbohydrate metabolism, transcription and 
neuronal signalling and stress response (Cohen, 1989, Cohen, 2002, Kutuzov and Andreeva, 2008). 
Within T. vaginalis, the critical role of serine/threonine protein phosphatase PP1-gamma catalytic 
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subunit has been demonstrated through the use of a potent PP1 specific inhibitor, calyculin A. This 
inhibitor impeded attachment, proliferation and affected the cytoskeletal arrangement of T. vaginalis. 
This suggests that serine/threonine phosphatases are essential in actively regulating the early stages of 
host-parasite interactions (Munoz et al., 2012). Protozoan serine/threonine phosphatases have been 
implicated as potential drug targets due to their variation in sequence similarity between mammalian 
phosphatases and their proposed role in virulence (Gonzalez, 2000).  
 PTMs 4.4.6
PTMs contribute to the complexity and diversity of proteome profiles (Walsh et al., 2005) by 
modifying proteins either at one specific amino acid residue or at multiple residues. Thus, the potential 
diversity of proteins is somewhat limitless given that one protein can undergo a single modification or 
multiple types of modifications at several residues, with just one type of PTM (Li et al., 2014, Marino 
et al., 2010). Further adding to this diversity is the degree of heterogeneity of the PTM (Delom and 
Chevet, 2006, Brooks, 2004). Although a core modification is attached to the protein, these core 
modifications often vary and, in the case of glycosylation, during transit the oligosaccharides often 
undergo enzymatic trimming, which produces multiple glycoforms of individual protein species 
(Gagneux and Varki, 1999, Zhang et al., 2016). Not only do these factors contribute to the production 
of multiple proteoforms, they also influence the folding, hydrophobicity, substrate specificity and 
ultimately the unique biological function of each proteoform (Kobata, 1992, Clark et al., 2005). In this 
study, we used the Pro-Q
®
 Emerald and Pro-Q
®
 Diamond fluorescent staining technologies, which 
provided a platform to selectively stain glycosylated and phosphorylated proteins resolved using 2DE. 
This objective of this analysis was by not aimed at being an exhaustive analysis of PTMs, but sought 
to highlight the global presence of glycosylated and phosphorylated proteins in secretomes to propose 
proteins likely to be regulated and direct future research. The number of protein proteoforms 
identified, as well as the number of PTMs identified using these fluorescent stains, has confirmed 
glycosylation and phosphorylation contribute to the complex secretome profiles. Although, the 
significance of the variation in post-translationally modified proteins between the bovine and feline 
genotype remain to be fully understood.  
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Many functional roles have been attributed to glycans. Given that trichomonads colonise protease 
rich environments, glycosylation could protect those proteins essential to pathogenesis from 
degradation, enabling the protein to remain functional (Bard and Chia, 2016). Early analysis of T. 
foetus highlighted a number of glycosylated protein antigens involved in the pathogenesis of bovine T. 
foetus (Clark et al., 1984, Burgess et al., 1990, Hodgson et al., 1990, BonDurant et al., 1993). 
Treatment of parasites with monoclonal antibodies against the glycoprotein TF1.17 and TF1.15 
inhibited adhesion to BVEC (Hodgson et al., 1990). Interestingly, inhibition of glycosylation using 
periodate also inhibited adhesion of T. foetus to BVEC, suggesting the glycan moiety of protein or 
molecule contributes to adhesion (Singh et al., 1999). Additionally, glycosylation also occurs on a 
number of important virulent proteins, homologous to the proteins identified in this current study. In T. 
vaginalis, adhesin protein AP120 and cytotoxic proteases TvCP39 and GP63 are all glycosylated, 
although, the effect of glycosylation on the activity of these proteins are unknown (Moreno-Brito et 
al., 2005, Ramon-Luing Lde et al., 2011, Hernandez-Gutierrez et al., 2004). Immunogenic studies 
have identified both AP120 and TvCP39 to be antigenic, which could be due to the carbohydrate 
epitope triggering a serological response (Moreno-Brito et al., 2005, Hernandez-Gutierrez et al., 2004, 
Ramon-Luing Lde et al., 2011). This analysis also identified a number of glycosylated CPs. Mallinson 
et al. (1995) had previously predicted both CP7 and CP8 to be glycosylated and this study was the first 
to experimentally confirm this predication. Given CPs are key virulence factors in the pathogenesis of 
both bovine and feline T. foetus, this suggests that glycosylation may contribute to the function of 
these CPs. Further analysis of the type of glycosylation and the effect glycosylation has on the 
function of CPs is important for future recombinant analysis. The glycoproteome variation between 
bovine and feline genotypes suggests this PTM could contribute to the host-specific phenotype of the 
bovine and feline genotypes. Further characterisation of the effects of glycosylation on these proteases 
is necessary to assess whether they could represent potential vaccine targets or even be defining 
biomarkers for diagnostic and therapeutic targets (Nyame et al., 2004).  
Phosphorylation has been studied in trichomonads, possibly due to its primary role of acting as an 
acute and reversible switch, mediating protein activity and cellular pathways (Hunter, 1995). The 
phosphoproteome profiles of different morphological stages of T. vaginalis has been investigated and 
has identified a number of phosphorylated proteins involved in key biological processes, including 
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metabolism and pathogenesis (Yeh et al., 2013a). This novel study allowed us to profile the 
phosphoproteome of T. foetus bovine and feline genotypes, identifying several potential candidates for 
biochemical or signalling networks associated with host-adaptation in this parasite. Thus, we believe 
that our phosphoproteomic analysis brings new insights to understanding the influence of 
phosphorylation in T. foetus biology and have identified new targets to drive drug-discovery efforts 
against the trichomoniasis.  
A number of phosphorylated proteins identified in other protozoan parasites were also identified in 
this study. The 14-3-3 family proteins play a role in signal transduction related to cellular processes, 
such as proliferation, migration and morphological changes during the parasite life cycle (Sluchanko 
and Gusev, 2010, Aitken, 2006). Although the role of 14-3-3 is currently unknown in trichomonads, 
phosphoproteome analysis of T. vaginalis identified 14-3-3 as phosphorylated in all morphological 
forms of the parasite, suggesting phosphorylation of 14-3-3 to be a crucial PTM that enables 
adaptation to diverse environments (Yeh et al., 2013a). Moreover, recent studies identified 
phosphorylation of 14-3-3 is a necessary precondition to promote target binding and an up-regulation 
of this protein during host-parasite interactions of Giardia duodenalis suggests this binding may be 
involved in pathogenesis (Emery et al., 2016, Fiorillo et al., 2014). Our comparative phosphorylation 
study identified a significant contrast in the phosphorylation signal of a cluster of 14-3-3 proteoforms 
between the bovine and feline genotype. The representative phosphoprotein spot map revealed the 
cluster of 14-3-3 proteins in the feline genotype were more abundant than in the bovine genotype 
(spots 237 and 238). These results suggest the varying phosphorylation of 14-3-3 may be a crucial 
PTM that allows T. foetus to adapt to diverse environments and highlights the need for further 
investigation of 14-3-3 and its involvement in regulating crosstalk between T. foetus and its host.  
 Proteases  4.4.7
Protozoan parasites are well known for their vast repertoire of proteases, a number of which are 
directly involved in important pathogenic processes like cellular metabolism, host cell rupture and 
invasion, excystation, cytoadherence, maturation and activation of other proteins (Klemba and 
Goldberg, 2002). Many of these proteases are secreted into the medium of trichomonad cultures 
(Lockwood et al., 1988). Previous experimental analyses of proteases have focused on CPs, while the 
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remaining protease-types have been neglected (Tolbert et al., 2014, Lucas et al., 2008, Mallinson et 
al., 1995). The reason the focus has been on CP activity is understandable given they have been 
demonstrated to be essential to the pathogenesis of trichomoniasis, playing a key role in virulence, 
such as cytotoxicity, host immune evasion and adherence (Bastida-Corcuera et al., 2000, Lucas et al., 
2008, Thomford et al., 1996, Burgess and McDonald, 1992, Tolbert et al., 2014). Differential 
expression of CPs is known to phenotypically distinguish high and low virulent strains of E. 
histolytica and T. vaginalis, with an increase in CP expression in the high-virulent strains (De Jesus et 
al., 2009, Biller et al., 2009). In bovine T. foetus, CP8 is considered a critical virulence factor and 
inhibitor studies using the CP inhibitor, E-64, confirmed an association in inducing a host-specific 
cytopathic effect on bovine vaginal epithelial cells and not human vaginal epithelial cells in vitro 
(Singh et al., 2004, Lucas et al., 2008). Therefore, the high abundance of CP8 observed in bovine T. 
foetus secretomes may reduce the parasite’s ability to infect feline cells, such as the epithelial cells 
lining the cat intestine. CPs represent the largest type of proteases identified in this analysis, as well as 
in the comparative transcriptomic analysis of T. foetus (Morin-Adeline et al., 2014). Our analysis 
using the DQ gelatinase assay provided direct evidence that the CP activities of T. foetus secretomes 
could be significantly reduced following treatment with the broad range CP inhibitor, E-64 (90% 
inhibition bovine genotype and 98% inhibition feline genotype). Similar to the findings of Morin-
Adeline et al. (2014), this study identified CP8 to be the most abundant CP in the bovine genotype, 
while CP7 was the most abundant CP within the feline genotype. CP7 and CP8 share 78% of amino 
acid sequences in the mature active domain and the effect of the 22% difference is yet to be 
determined (Mallinson et al., 1995). Although CP8 was the second most abundant CP in the feline 
genotype, the identification of CP7 as the most abundant CP in the feline genotype across nine 
replicate gels (three biological replicates consisting of technical triplicates) gives reason to highlight 
this difference. Additionally, CP5 was identified as one of the top 200 abundant proteins secreted from 
the bovine genotype. The vast number of highly abundant CPs secreted from T. foetus is likely 
necessary to maintain infection within its host. Could this difference in abundance of CP8 and CP7 in 
bovine and feline genotypes suggest a host-adapted virulence factor with each CP demonstrating a 
strict specificity to its respective host cell type and origin? 
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CPs are produced as inactive zymogens consisting of a propeptide and mature domain. This 
propeptide sits within the active groove site, ensuring proper folding and prevents unwanted 
hydrolysis during trafficking from the parasite (Coulombe et al., 1996, Turk et al., 2012). Cleavage of 
this propeptide from the mature domain activates the protease and exposes the active site to 
susceptible substrates. This activation step can be mediated through an autocatalytic process usually 
under acidic conditions or via another protease capable of cleaving the propeptide (Menard et al., 
1998). Analysis of CP activation in the parasitic helminths, Schistosoma mansoni and F. hepatica, 
suggests asparaginyl endopeptidases can process and activate CPs within the cathepsin L and B clades 
when an asparaginyl-endopeptidase cleavage site is present between the propeptide and mature 
enzyme domain (Sajid et al., 2003, Dalton et al., 2009). Here, a proteoform of asparaginyl 
endopeptidases was up-regulated in the bovine genotype. Other proteoforms of asparaginyl 
endopeptidases were also identified as part of the top 200 most abundant proteins in the bovine and 
feline genotypes, which implicates a conserved mechanism to activate cathepsin L zymogens. The 
majority of CPs identified within this secretome analysis were from the cathepsin L clade of CPs and 
possessed an asparagine residue in the vicinity of the propeptide/mature domain. Therefore, the data 
suggests that the secretome is equipped with the necessary molecules to rapidly process and activate 
secreted cathepsin L zymogens in the host’s external milieu.  
Although the other catalytic types of proteases identified here have been neglected to date, recent 
analysis of T. vaginalis have demonstrated homologs of other proteases other than CPs are involved in 
pathogenesis (Bozner et al., 1990, Tolbert et al., 2014). This same work identified both 
metalloproteases and serine proteases using LC-MS/MS and their activity was further validated in the 
inhibitor specific gelatin assays. While metalloproteases were identified in both genotypes, the bovine 
genotype contained two unique metalloproteases not identified in the feline genotype. GP63 is one of 
these unique metalloproteases and may contribute to the cytotoxicity of host cells within the bovine 
urogenital tract. Significant research on the metalloprotease GP63 in Trypanosoma spp. and 
Leishmania spp. has shown that this protease is integral to pathogenesis (Chen et al., 2000, 
Brittingham et al., 1999, Kulkarni et al., 2009, Joshi et al., 2002). Inhibitor studies involving GP63 
from T. vaginalis exhibited cytotoxicity towards host cells via cleavage of a kinase (mTOR) involved 
in host cell growth and differentiation (Quan et al., 2014, Ma et al., 2011). Further analysis 
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characterising the role these metalloproteases play in pathogenesis of bovine and feline genotypes may 
shed light on the importance of the molecules and their contribution to virulence. 
Another important protease type identified within bovine and feline T. foetus secretome analysis 
were the serine proteases. These enzymes are functionally diverse, but in most cases are secreted to 
function as part of the secretory transport system or within the extracellular milieu (Hernandez-
Romano et al., 2010). One of the largest families of serine proteases are known as the subtilisins (Clan 
SB, family S8A) or subtilisin-like serine proteases. These are an ancient group of calcium-dependent 
enzymes involved in cellular signalling and processing of enzymes (Subbian et al., 2004). Evidence of 
multiple roles for subtilisin-like serine proteases in the pathogenesis of protozoan parasites have 
emerged in recent years. For example, these proteases are known to play critical roles in adherence, 
invasion and survival of Toxoplasma spp. and Plasmodium spp. (Lagal et al., 2010). To our 
knowledge, little research has been performed on these enzymes from T. foetus. Putative serine 
proteases have been identified in the recent analyses of the annotated T. foetus transcriptomes and 
inhibitor study where serine-like protease activity was inhibited during enzymatic analysis of feline T. 
foetus whole cell lysates (Morin-Adeline et al., 2014, Tolbert et al., 2014). The identification of serine 
proteases and serine protease activity sets the stage for further detailed studies to address the roles of 
these newly identified serine proteases in T. foetus pathobiology. 
The ability of T. foetus to infect its host is not limited to factors innate to the parasite. The host also 
harbours an important set of factors that positively or negatively regulate host tropism. Morin-Adeline 
et al. (2015a) recently demonstrated this phenomenon by assessing the effect pH had on T. foetus 
genotypes. This analysis clearly established that host factors can directly modulate the parasitising 
capacity of T. foetus and shape the disease outcome, as well as the host range of these genotypes. 
Within this current analysis, the influence of pH on the proteolytic activity of bovine and feline T. 
foetus genotypes further demonstrated clear differences in proteolytic activity between genotypes. The 
proteolytic activity of the bovine genotype was optimal at pH 7.6, which is consistent with the neutral 
pH of the female bovine reproductive tract, the host niche colonised by the bovine genotype (Corbeil 
et al., 1989). However, proteolytic activity of the feline genotype was broader and was maintained 
over a pH range of 6.0 to 8.0, which is more typical of a cat’s lower digestive tract (pH 5.3 to 6.6) 
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(Brosey et al., 2000). Previous proteolytic analysis of trichomonads have also demonstrated 
proteolytic activity over a wide pH range (Lockwood et al., 1984). This may be a mechanism utilised 
by the feline genotype to ensure survival as it transverses the gastrointestinal tract before it colonises 
the lower digestive tract. It may also suggest an adaptive mechanism of the feline genotype that 
facilitates survival in the bovine urogenital tract and not vice versa. Regardless, these differences in 
proteolytic activity again suggest further differences between genotypes. Analysis of Leishmania 
mexicana identified isoforms of the protease, GP63 that exhibited optimal activity at different pH’s, 
depending on its life stage. This demonstrated that L. mexiacana was able to adapt to the current 
environment to ensure optimal protease activity (Ilg et al., 1993). Whether this variation of proteolytic 
activity of bovine and feline genotypes is due to different isoforms or even proteoforms present in 
each genotype is plausible, but would require further investigation.  
 Effect of cystatin C, a host factor on enzymatic activity 4.4.8
Clearly the influence of the host on parasitism extends further than the pH range. The host also 
secretes molecules to counteract the parasites’ onslaught of virulence factors. Aside from immune 
cells and the molecules they release, other molecules that comprise the innate immunity can include 
inhibitors directed against the CP family. Cystatin C, a specific reversible CP inhibitor, is present in 
most extracellular fluid and has been involved in the host’s defence against organisms including 
protozoan parasites (Lenarcic et al., 1991, Irvine et al., 1992, Blankenvoorde et al., 1998). Cystatins 
are reversible inhibitors of CPs and mainly function to control undesirable proteolysis (Turk et al., 
2002, North et al., 1990a, Stoka et al., 1995). Cystatin C is secreted from mucous membranes of the 
gastro and urogenital tract. Thus, it provides a host endogenous factor that could be used to ward of 
the offensive onslaught mounted by T. foetus CPs (Abrahamson et al., 1990, Lignelid and Jacobsson, 
1992, Jiborn et al., 2004). Previous analysis using human cystatin C have shown it to be effective at 
inhibiting protease activity of T. foetus lysates at 10 µg mL-1 (North et al., 1990b, Irvine et al., 1992). 
Given that bovine cystatin C (bCysC) and feline cystatin C share 69% amino acid sequence similarity 
and the five amino acids comprising the inhibitory active sites are conserved; the aim was to assess if 
the 31% sequence variation within the two host cystatins could delineate between the CP activities of 
the two host-adapted genotypes. Unfortunately, feline cystatin C could not be expressed, even though 
the same expression protocol for bCysC was followed. A comparative analysis on the inhibitory effect 
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of recombinant bCysC against bovine and feline secretomes was performed. Interestingly, the results 
demonstrated proteolytic activity of the bovine secretome to be more resistant to bCysC than the feline 
genotype. This suggests that, within the bovine host, bovine T. foetus would be less susceptible to 
inhibition than that of feline T. foetus. During experimental infection of a feline isolate in a bovine 
urogenital tract, the feline isolate induced little damage to the epithelial surface of the urogenital tract. 
In contrast, the epithelial surface of the cow infected with a bovine isolate was completely damaged 
(Stockdale et al., 2007). CPs secreted from bovine T. foetus induce apoptosis of bovine vaginal 
epithelial cells and produce histopathological results similar to the experimental infection of a bovine 
isolate in a cow’s urogenital tract (Singh et al., 2005, Lucas et al., 2008, Stockdale et al., 2007). 
Treatment of CPs isolated from bovine T. foetus secretomes with E-64 markedly decreased apoptosis 
of bovine vaginal epithelial cells and thus reduced the damage to the epithelial cell layer (Tolbert et 
al., 2014, Singh et al., 2004, Stockdale et al., 2008, Stockdale et al., 2007). The increased 
susceptibility of the feline genotype to bovine cystatin C further serves to highlight the differences in 
the CP profiles of bovine and feline T. foetus, which could contribute to the ability of these genotypes 
to cause infection in their respective hosts.  
 CONCLUSION 4.5
This integrated comparative proteomic, phosphoproteomic, glycoproteomic and enzymatic analysis 
has provided an in depth overview of secretomes of bovine and feline T. foetus, isolated from 
conditioned media that until now has been non-existent. These findings represent a significant step 
toward a comprehensive understanding of the host-parasite interactions in the context of T. foetus 
infections. From these results, it appears that the differing pathogenicity between the two genotypes 
could be multifactorial, involving both translational as well as post-translational control. The unique 
secretome profile reported here highlighting the varying abundance of proteins species might represent 
an adaptive mechanism displayed by T. foetus facilitating survival in distinct host environments. Of 
vital importance now is the completion of host-interaction and functional studies of the proteins 
emphasised within this study to confirm the putative roles these proteins play in virulence. 
Nevertheless, this analysis has described the major molecules secreted/excreted from these parasites, 
which could potentially facilitate the critical steps required for these parasites to be able to adapt to 
their respective host niche. This data will allow a more strategic and rational approach to future 
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diagnostic, drug or vaccine development programs. It is interesting that several of the major proteins 
identified here in bovine and feline genotypes have been identified as potential candidates for 
development of novel drug treatments in other studies, demonstrating the value of this integrated 
approach for the future identification of new targets for therapeutic intervention. 
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 APPENDIX 4.6
 Proteins of interest identified in secretomes of bovine versus feline 4.6.1
Tritrichomonas foetus genotypes using one-dimensional gel 
electrophoresis (1DE) coupled with LC-MS/MS. 
https://www.dropbox.com/s/qiykzvqvrydfinz/Appendix%204.6.1.xlsx?dl=0 
 
 Proteins of interest identified in secretomes of bovine versus feline 4.6.2
Tritrichomonas foetus genotypes using two-dimensional gel 
electrophoresis (2DE) coupled with LC-MS/MS. 
https://www.dropbox.com/s/409oicbv4zsrg8g/Appendix%204.6.2.xlsx?dl=0 
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 A map of bovine cystatin C (bCysC) plasmid and feline cystatin C (fCysC) 4.6.3
plasmid synthesized by GeneArt®. (A) bCysC plasmid and (B) fCysC 
plasmid synthesized by GeneArt® (Thermo Fisher Scientific Waltham, 
MA) carry the coding sequence of cystatin C and restriction enzyme sites 
required for plasmid manipulation. Plasmid map drawn by GeneArt® 
(Thermo Fisher Scientific Waltham, MA). Restriction enzyme binding 
sites present in plasmid: SacI, BamHI, XhoI, NcoI, NotI, KpnI, PyuI, XmaI, 
NdeI, KpnI. 
A 
 
 
B 
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 Coding sequence of bovine cystatin C. The coding sequence of bovine 4.6.4
cystatin C and restriction enzyme sites found in the sequence. Sequence 
obtained from documentation provided by GeneArt® (Thermo Fisher 
Scientific Waltham, MA). 
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 Coding sequence of feline cystatin C. The coding sequence of feline 4.6.5
cystatin C and restriction enzyme sites found in the sequence. Sequence 
obtained from documentation provided by GeneArt® (Thermo Fisher 
Scientific Waltham, MA). 
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 Parent vector maps used in expressing bovine and feline cystatin C. 4.6.6
Cystatin C. (A) PGEM®-T Easy (Promega, Madison, WI) parent vector was 
used to provide compatible overhangs for the PCR products amplified 
using HotStar HiFidelity DNA polymerase (QIAGEN, Valencia, USA). (B) 
Ppinkα-HC (Invitrogen, Carlsbad, CA) vector was used to express the 
recombinant proteins. Restriction enzyme binding sites present in 
plasmid: MlyI, SpeI, StuI and KpnI. 
A 
 
B 
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 Purification of bovine cystatin C. (A) SDS-PAGE and (B) western blot 4.6.7
analysis of the fractions obtained during bovine cystatin C purification: 
Lane 1, Flow through; lanes 2 and 3, washed with 20 mM imidazole, pH 
8.0; lane 4, Ni-NTA resin following purification, lanes 5 to 9, eluted with 
250 mM imidazole, pH 7.0; Lane 10 to 14 eluted with 250 mM imidazole, 
pH 6.0. Samples were resolved using a 4-12% NuPAGE Novex Bis-Tris 
and stained with Bio-Safe coomassie. 
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 SDS-PAGE and western blot attempt at purification of feline cystatin C. 4.6.8
(A) SDS-PAGE and (B) western blot analysis of the fractions obtained 
during feline cystatin C purification: Lane 1, Supernatant; lane 2 flow 
through; lane 3 wash with 20 mM imidazole, pH 8.0; lane 4, Ni-NTA resin 
following purification, lanes 5 to 9, eluted with 250 mM imidazole, pH 
7.0; Lane 10 to 12 eluted with 250 mM imidazole, pH 6.0. Samples were 
resolved using Any kD TGX precast Criterion gels (Bio-Rad, Hercules, CA) 
and stained with Bio-Safe coomassie. Recombinant feline Cathepsin L1 
(FhCl1-C26H) (MW 35kDa) was resolved alongside the purification as a 
positive control. 
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 Gene ontology (GO) annotations most represented in the 200 most abundant proteins identified in bovine and feline T. 4.6.9
foetus secretomes. Proteins from bovine (left) and feline (right) T. foetus secretomes were annotated with GO terms under 
categories of biological process and molecular function. 
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 INTRODUCTION  5.1
Tritrichomonas foetus is a protozoan that forms both commensal and parasitic relationships within 
heterogenous hosts. Despite recognition as a generalist parasite exhibiting a remarkable host/tissue 
tropism towards its respective natural host, the molecular basis defining these relationships are still 
poorly understood. Proteomics has become a powerful tool to simultaneously identify and characterise 
the set of protein species expressed within an organism influenced by factors including environment, 
population (i.e. genotypic variation), developmental stage or pathology (Tyers and Mann, 2003, List et 
al., 2008). Prior to this work, limited proteomic analysis had been performed on T. foetus, with only a 
limited proteome resolved from the bovine genotype with a narrow pI range (Huang et al., 2013). 
Previous comparative genotypic and transcriptomic analyses of T. foetus were unable to identify the 
mechanism governing this host-specificity, hence significant gaps remain in our understanding of T. 
foetus biology. Thus, a need to characterise the proteomes of T. foetus genotypes is essential.  
In this thesis, the relationship between T. foetus isolates was investigated by examining the 
diversity of whole cell proteomes. Given that the T. foetus genome was published after the submission 
of this thesis, we took advantage of the recent annotation of T. foetus transcriptomes and applied this 
new sequence database to characterise the proteomes of three T. foetus isolates originally isolated from 
three different hosts (bovine, feline and porcine) (Benchimol et al., 2017). Within their respective 
hosts they form either a parasitic (bovine and feline) or commensal (porcine) relationship. Cultured 
under identical axenic conditions, these proteomes provide a cell-wide platform that confirmed a high 
similarity of basal proteomes between isolates. It also provided both insight into factors that govern T. 
foetus biology and highlighted novel targets for future drug discovery trials. Comparison of a ‘top-
down’ (in-gel) and ‘bottom-up’ (gel-free) quantitative proteomic method identified a need for both 
platforms to provide a broad biologically relevant comparison of T. foetus isolates.  
Due to the strictly extracellular nature of this parasite, surface and secreted molecules are the most 
likely candidates for mediating host-pathogen interactions (Chetouhi et al., 2015, Ranganathan and 
Garg, 2009, Singh et al., 2005, Bastida-Corcuera et al., 2000). In Chapter 4, an in-depth analysis of the 
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secretomes from bovine and feline T. foetus was undertaken. Here, a clear distinction between the 
secretome profiles became apparent. This heterogeneity also translated to differences in enzymatic 
activities and post-translationally modified protein (glycoproteins and phosphoproteins) profiles, 
which suggests a myriad of factors, including protein proteoforms at the host-parasite interface, are 
involved in governing the unique host-adapted phenotypes of T. foetus genotypes. Overall, this body 
of work has identified specific novel secreted proteins with potential roles in pathogenesis. 
 OUTCOMES 5.2
 Similarity of Tritrichomonas foetus whole cell proteomes from bovine, 5.2.1
feline and porcine hosts 
Prior to this thesis, transcriptomes of bovine, feline and porcine T. foetus were annotated, providing 
the first cell-wide insight into the relationship between T. foetus isolates (Morin-Adeline et al., 2014, 
Morin-Adeline et al., 2015b). Although this was a logical step in the process of analysing these host-
adapted isolates, numerous studies, including the proteomic analysis in Chapter 2 and 3, have 
contributed to the mounting evidence against mRNA being a reliable indicator of protein abundance 
and functionality (Maier et al., 2009, Gygi et al., 1999, Wang et al., 2014). Only 26% and 28% of the 
top 50 proteins identified using two-dimensional gel electrophoresis (2DE) were found to be amongst 
the most highly abundant mRNA transcripts of bovine and feline isolates, respectively. Similarly, in 
the bottom-up proteomic analysis, only 8% (bovine) and 18% (feline) of the most abundant proteins 
were found to be amongst the most highly expressed mRNA transcripts of the bovine and feline 
isolates, respectively (Morin-Adeline et al., 2014). This discrepancy is due, in part, to the added 
complexity of post-transcriptional and post-translational processes that regulate protein expression 
(Vogel and Marcotte, 2012). The lack of correlation between proteome and transcriptome analysis has 
been highlighted in previous quantitative analysis of pathogenic and non-pathogenic isolates of E. 
histolytica. In this study, only two of the thirty-one differentially abundant proteins identified the 
proteomic analysis were also identified as differentially abundant in the transcriptome analysis (Biller 
et al., 2009, Biller et al., 2010). Proteomic analysis has the potential to reveal the mechanisms through 
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which organisms develop, adapt and respond to environmental challenges (Tyers and Mann, 2003, 
Barrett et al., 2000). Previous comparative physiological analyses (i.e. pH and cross-infections studies) 
of T. foetus have verified the existence of T. foetus host-adapted phenotypes. However, previous 
analyses attempting to ascertain the molecular determinants behind these host-adapted phenotypes 
have only identified a small distinction, suggesting that a high similarity exists between T. foetus host-
specific isolates (Morin-Adeline et al., 2015a, Stockdale et al., 2007, Stockdale et al., 2008, Morin-
Adeline et al., 2014, Morin-Adeline et al., 2015b, Slapeta et al., 2012). In Chapter 2, we performed a 
‘top-down’ proteomic analysis utilising 2DE coupled with liquid chromatography tandem mass 
spectrometry (LC-MS/MS) to resolve whole-cell proteomes and perform the first comparative 
proteomic analysis of bovine and feline T. foetus parasitic isolates. Similar to the findings of Morin-
Adeline et al. (2014) using transcriptomics, the proteomes of bovine and feline T. foetus are very 
similar. Only a small number of differentially abundant proteins were identified following quantitative 
proteomic analysis. Here, proteins involved in carbohydrate metabolism, cytoskeletal arrangement and 
detoxification were identified as being differentially abundant in bovine and feline isolates. However, 
of the differentially abundant protein spots identified in this analysis, a majority were proteoforms of 
protein species identified in the respective T. foetus isolate, which suggests modifications such as post-
translational modifications (PTMs) play a role in these host-adapted phenotypes. Indeed, our 
comparative analysis of bovine and feline isolates with 2DE zymograms and cysteine protease (CP) 
specific fluorogenic substrates identified unique profiles of the CP gene family known to contain 
important virulence factors (Singh et al., 2004, Tolbert et al., 2014), which could be an important 
factor determining their host-adapted phenotype. The results of Chapter 2 have been published and the 
raw data has been publicly made available (Stroud et al., 2017).  
In Chapter 3, the first ever proteome of a commensal porcine T. foetus isolate displaying a non-
virulent phenotype was characterised using a recently isolated Australian porcine isolate (Mueller et 
al., 2015). Together with the proteomes of bovine and feline isolates, this analysis provides the most 
comprehensive baseline proteomic data of T. foetus isolates. All three isolates were cultured under the 
same conditions and thus these baseline proteomes represent an invaluable resource for future 
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host-parasite interaction studies. Despite being originally isolated from a unique host and host niche 
with differing selective pressures, quantitative analysis revealed that a large number of proteins are 
shared across all three isolates. This translated into a high similarity of protein functions when each T. 
foetus isolate was annotated according to Gene Ontology (Chapter 2 and 3). Taken together these 
results suggest both parasitic bovine and feline T. foetus and commensal porcine T. foetus belong to 
the same species of T. foetus. Interestingly, a greater degree of heterogeneity was apparent when 
isolates were compared according to their genotype (i.e. bovine genotype: BP-4 and PIG30/1; feline 
genotype: G10/1) rather than the relationship formed with their host (parasitic: BP-4 and G10/1; 
commensal: PIG30/1). Furthermore, this analysis identified a greater proportion of proteins shared 
between the bovine and porcine isolate and confirmed the previous genotypic evidence presented by 
Slapeta et al. (2012) demonstrating the bovine and porcine isolates to comprise the ‘bovine genotype’, 
while the feline isolate comprises a separate ‘feline genotype’ (Chapter 3). Characterisation of these 
baseline proteomes by culturing parasites under the same conditions are important as they highlighted 
the intraspecific variation that exists between genotypes. Several proteins with roles in T. foetus 
pathogenesis were identified. Including proteins that allow for a versatile metabolism, which would 
enable adaptation to host niches. Interestingly, a unique protein involved in adhesion was identified in 
three isolates, which suggests these adhesion proteins may be key T. foetus host-tissue tropism. 
However, the most significant feature of this analysis, which has been highlighted throughout all the 
chapters of this thesis, was the unique profiles between all three isolates of the CP multigene family 
that contain proteases key to pathogenesis.  
It is known that prolonged passaging of parasites can alter their virulence phenotypes (Moreira et 
al., 2012, Bartley et al., 2006). Leishmania infantum loses its infectivity after 100 days of in vitro 
culture (Moreira et al., 2012). Although passaging of isolates was kept to a maximum of five passages 
before use, one limitation to this analysis could be the differing periods of time the T. foetus isolates 
have been laboratory passaged (bovine T. foetus has been laboratory passaged the longest, followed by 
feline T. foetus and then porcine T. foetus). However, the profile of proteases from the CP gene family, 
known to consist of proteases key to virulence differed between all host-specific isolates. The CP 
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profile of porcine T. foetus was of particular interest, given this isolate was most recently isolated from 
its host. Even so, comparative proteomic and enzymatic analysis found the abundance and activity of 
CPs to be lower in the porcine isolate when compared with the bovine T. foetus isolate, the longest 
laboratory passaged isolate (Chapter 3). This suggests that even with the number of passages 
performed, T. foetus appears to retain its virulence (Singh et al., 2005, Singh et al., 2004, Tolbert et al., 
2014). Therefore, given that T. foetus forms parasitic and commensal relationships amongst its hosts, 
is able to preserve its host-adapted phenotype within axenic culture and can be easily cultured when 
compared with other parasites, confirms its use as a potentially useful model to study parasitic 
relationships.  
The different strategies used to perform quantitative proteomics within this thesis offer competitive 
strengths and weaknesses. A great deal of conjecture exists within literature emphasising one platform 
supersedes the other as a quantitative proteomic method (Oliveira et al., 2014, Yates, 2013, Coorssen 
and Yergey, 2015). Our data indicated that while the ‘bottom-up’ method (Chapter 3) improved 
identification of transmembrane proteins when compared with the ‘top-down’ method (Chapter 2), it 
was unable to distinguish between protein proteoforms, information which can delineate phenotypes 
of parasites (Gault et al., 2014). Unsurprisingly, during analysis of the secretome it was noted that 
reducing the sample complexity by fractionation overcame the limitation of the top-down method. 
Interestingly, ~20% of secreted proteins contained transmembrane helices (Chapter 4). These results 
when taken together indicate both methods are beneficial when mining for functional information, 
therefore neither method should be discredited nor disregarded (Chapter 2 and Chapter 3). Therefore, 
future proteomic analysis should not be limited to one standard method, but should be customised 
according to the sample to be analysed and the overall objective in mind (Rogowska-Wrzesinska et al., 
2013, Oliveira et al., 2014, Coorssen and Yergey, 2015). The data generated from Chapter 2 and 
Chapter 3 fulfils the aims outlined for these chapters listed in Chapter 1 and provides a comprehensive 
proteomic foundation that will provide a useful resource to study proteins influencing T. foetus 
biology. 
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 Secretomes of parasitic bovine and feline T. foetus isolates demonstrate 5.2.2
evidence of host-adaptation 
Parasites are constantly engaged in a molecular war with their host(s). Secreted proteins are key 
components within this battleground that manipulate and facilitate adaptation to host niches. The 
arsenal of virulence factors secreted from parasites enable adhesion and attachment to host cells and 
evasion of host immune defence systems (Biron and Loxdale, 2013). The lack of effective techniques 
to knock-out or knock-down gene expression in T. foetus makes it difficult to ascertain the role of 
specific proteins in pathogenesis. In Chapter 4, the secreted fractions of bovine and feline T. foetus 
genotypes were resolved following the optimised top-down method performed in Chapter 2. These 
secretomes were quantitatively analysed and provided preliminary insight into the molecular 
mechanisms contributing to this key host-parasite cross-talk. The proteins identified within this 
fraction, to our knowledge, are the first and most comprehensive identification of secreted proteins 
that may define host-adapted phenotypes of T. foetus. A substantial increase in the number of 
differentially abundant proteins were identified between isolates with over four times the number of 
differentially abundant proteins identified when compared with ‘top-down’ total cellular proteome 
analysis (Chapter 2). This is not a surprising finding given that proteins involved in host-parasite 
interactions tend to influence host-adaptation more than those proteins purely restricted to intracellular 
locations (Soldati et al., 2004, Carlton et al., 2008, Emes and Yang, 2008). Differences in the 
abundance of known virulence factors, such as CPs and those proteins involved in overcoming host 
defences, such as thioredoxin peroxidase were identified amongst host-adapted isolates (Coombs et 
al., 2004). Furthermore, a number of proteins within protein families that have undergone gene 
duplication were identified as differentially abundant including the metabolic protein, fructose-1,6-
bisphosphate. This metabolic enzyme has been suggested to moonlight (dual function) as an adhesin 
protein in parasites and was identified as a putative druggable target for both bovine and feline T. 
foetus (Morin-Adeline et al., 2014, Lorenzatto et al., 2012). Enzymatic assays complemented the LC-
MS/MS analysis and identified other protease types, including serine proteases, metalloproteases and 
aminopeptidases contributing to the enzymatic activity identified in bovine and feline T. foetus 
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secretomes. The effect of two potential host factors, pH and bovine cystatin C, on enzymatic activity 
was able to establish a distinction between enzymatic profiles, specifically CP activities of bovine and 
feline T. foetus. The bovine genotype had an optimal enzymatic activity at pH 7.6, while the optimal 
proteolytic activity of the feline genotype was broader over a pH range of 6.0 to 8.0. The ability of 
proteases to withstand a broader pH range may enable the feline genotype to transverse the 
gastrointestinal tract which has a diverse pH range (Brosey et al., 2000). The comprehensive protocol 
and rigorous analysis followed within this proteomic analysis leads us to accept the differential 
abundance of certain secreted proteins as a true reflection of diversity and biology of T. foetus host-
adapted phenotypes. 
 Differential expression profiles of CPs amongst T. foetus isolates 5.2.3
CPs have been identified as key virulence factors within bovine and feline T. foetus (Lucas et al., 
2008, Singh et al., 2005, Singh et al., 2004, Tolbert et al., 2014). Within protozoa, including the 
closely related trichomonad, T. vaginalis, a unique CP profile has been identified in isolates with 
differing levels of virulence (De Jesus et al., 2009). Proteomic analysis of the CP gene family has not 
been performed in T. foetus. Recent transcriptomic analysis, however, has suggested a differential 
expression of CPs could contribute to host cell type specificity and host origin. This was evident when 
CP8 was identified as the most abundant CP in bovine T. foetus and CP7 as the most abundant CP in 
feline T. foetus (Morin-Adeline et al., 2014). CP8 has been previously identified as an important 
virulence factor in bovine T. foetus due to its role of inducing apoptosis within host cells. Furthermore, 
this cytotoxic effect exerted by CP8 is highly specific to bovine vaginal epithelial cells (BVECs) as it 
was unable to induce a similar effect on human vaginal epithelial cells (HVECs) (Singh et al., 2004, 
Singh et al., 2005). Differential expression of proteins from the CP gene family was evident in the 
whole cell lysates across all three T. foetus isolates (Chapter 2 and Chapter 3). Additionally, within 
commensal porcine T. foetus a marked reduction in CP abundance and enzymatic activity was evident 
(Chapter 3), which suggests the reduction in this key virulence factor could contribute to the 
commensal relationship the porcine isolate forms with its host. The heterogeneity in CP profiles that 
we observed reinforces the hypothesis that T. foetus host-adapted isolates are phenotypically distinct 
CHAPTER 5: GENERAL DISCUSSION AND FUTURE DIRECTIONS  292 
and thus express different proteins or proteases involved in pathogenicity. Although all three isolates 
produced distinct CP profiles, only the comparative secretome analysis correlated with the findings of 
the transcriptome analysis performed by Morin-Adeline et al. (2014). Here, a proteoform of CP8 was 
the most abundant CP secreted from bovine T. foetus and a proteoform of CP7 was the most abundant 
CP secreted from feline T. foetus (Chapter 4) (Morin-Adeline et al., 2014). In experimental cross-
infections studies, bovine and feline T. foetus failed to induce a similar pathology when introduced in 
their unnatural hosts and organ niches (Stockdale et al., 2007, Stockdale et al., 2008). The high 
abundance of CP8 observed in bovine T. foetus secretomes coupled with an optimal enzymatic activity 
over a narrower pH range may reduce the parasites ability to infect gastrointestinal epithelial cells, 
such as the epithelial cells lining the cat intestine. Conversely, the abundance of CP7 may also 
demonstrate strict specificity to gastrointestinal epithelial cells. Therefore, the heterogenous CP 
profiles in the T. foetus isolates observed in this study could contribute to their host-specificity to 
cause disease in their non-respective host (i.e. bovine isolate in cats and feline isolate in cattle), but not 
to the same extent.  
 Glycosylation and phosphorylation contribute to T. foetus proteoforms 5.2.4
While protein abundance is regulated by transcription and translation events, protein activity and 
function are dependent on structure, which can be regulated by PTMs. These modifications act as 
dynamic switches, activating and deactivating protein signalling cascades and thus are essential 
modifications in the cross-talk between parasite and host (Hunter, 1995, Doerig et al., 2015). With the 
number of proteoforms identified in this analysis, analysis of glycosylation and phosphorylation, the 
two most common PTMs involved in communication and signalling was performed (Campbell and 
Yarema, 2005, Delom and Chevet, 2006). Few methods are available that provide a direct global 
analysis of PTMs within polyacrylamide gels that do not require the degradation of the proteinaceous 
component or an enrichment procedure (Packer et al., 1999, Farley and Link, 2009, Steinberg et al., 
2003, Steinberg et al., 2001, Schulenberg et al., 2003b). Using specific fluorescent stains targeting 
phosphorylated and glycosylated proteins, we were able to confirm both these PTMs contribute to the 
various proteoforms identified in bovine and feline T. foetus genotypes. A total of 64% of bovine T. 
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foetus secretory proteins were glycosylated, while only 41% of feline T. foetus secreted proteins were 
glycosylated. In contrast, a similar proportion of proteins were phosphorylated in both genotypes with 
30% of proteins reactive to the phosphoprotein stain. The presence of glycoproteins and 
phosphoproteins in bovine and feline isolates clearly suggest these signalling pathways play important 
physiological roles in extracellular signalling events of T. foetus secretomes (Treeck et al., 2011, Aebi, 
2013, Corfield, 2017). More importantly, their presence within the secretome suggest these PTMs may 
contribute to the ability of bovine and feline T. foetus to adapt to their respective hosts. With the 
identification of PTMs on proteins with roles in pathogenicity, further analysis will be important for 
future targeted protein analyses to ensure recombinant expression systems express the correct PTM 
motif to ensure correct function, folding and immunogenicity and to design specific inhibitors for 
these novel targets. 
 
 FUTURE DIRECTION 5.3
 Host-parasite interactions  5.3.1
In this thesis, the knowledge of T. foetus is expanded with the provision of baseline proteomes 
from three host-specific T. foetus isolates. Our rigorous analysis provides a reference point for future 
T. foetus research, expanding to more host-specific isolates under the same conditions as well as 
proteomic analysis of host-specific isolates following interactions with their individual host. These 
future studies will confirm whether these changes in protein abundance are due to host adaptation and 
not intra isolate variation. We have only scratched the surface towards understanding the relationship 
of T. foetus isolates from diverse hosts. Therefore, it is clear future research targeting these parasites is 
necessary. While the analyses performed in this thesis were able to demonstrate proteomes of T. foetus 
isolates are very similar and exhibit largely the same functional capacity, it is plausible that T. foetus is 
phenotypically plastic and may require a selective pressure signalling cascade from the host niche to 
induce expression of proteins key to pathogenesis (Cortes et al., 2016). Previous proteomic analysis of 
Giardia duodenalis following in vitro host cell interactions identified a change in phenotype 
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(Ringqvist et al., 2008, Emery et al., 2016). Following attachment to host-cells, the authors identified 
an up-regulation of proteins involved in ubiquitination, reactive oxygen species (ROS) detoxification 
and pyridoxal phosphate, which suggests parasites are anticipating the onslaught of host defence 
molecules (Emery et al., 2016). With basal proteomes of T. foetus now characterised, future 
quantitative proteomic analysis should focus on characterising T. foetus phenotypes following host-
cell interactions. Currently two host-cell models have been used to successfully simulate a host 
environment for bovine and feline T. foetus isolates (Tolbert et al., 2012, Singh et al., 1999). 
Therefore, we predict utilising these models to induce a cross-talk between parasite and host, will 
increase/stimulate the expression of proteins key to host/tissue tropism.  
Although T. foetus possess molecular determinants that regulate its phenotype, host species also 
harbor an important set of factors that positively or negatively regulate pathogen tropism (Douam et 
al., 2015). These host factors include those involved in the immune response and molecules involved 
in signalling cascades and mediating host-parasite cross-talk (Douam et al., 2015, Hartlova et al., 
2011). To our knowledge, limited research has been undertaken to identify host proteins contributing 
to T. foetus tropism. Some have suggested the major basal membrane glycoprotein of bovine 
urogenital epithelial cells, laminin-1, is involved in adhesion of bovine T. foetus to host cells 
(Petropolis et al., 2008). Therefore, future proteomic analysis following host-cell interaction with T. 
foetus should also characterise those proteins identified as differentially abundant in the host. Once 
proteins of interest have been identified, the employment of genome editing tools such as clustered 
regularly interspaced short palindromic repeat (CRISPR)-Cas9, could be employed to validate the 
proteins identified. The effectiveness of this genome editing technology in host-pathogen interaction 
discovery has been demonstrated in a number of mammalian cells lines (Orchard et al., 2016, Blondel 
et al., 2016, Park et al., 2017). For example, CRISPR-cas9 was applied to identify host cell genes 
involved in establishing HIV in human T-cells. This study identified five host receptors that, when 
inactivated, conferred robust protection from HIV infection (Park et al., 2017). Using these approaches 
will increase our understanding of the host response to T. foetus and its molecules that modulate the 
CHAPTER 5: GENERAL DISCUSSION AND FUTURE DIRECTIONS  295 
host immune system or alter host cell signalling pathways and will ultimately help us understand the 
relationship of T. foetus with its host.  
 Genome sequencing  5.3.2
At the time of submitting this thesis, the absence of an annotated genome clearly restricted the 
ability of our quantitative proteomic analysis to identify the significance of differentially abundant 
proteins. While differentially abundant proteins were identified throughout this thesis, some were 
classified as a ‘hypothetical’ or ‘uncharacterised’. Although the differential abundance of these 
proteins indicates they play some significant role in T. foetus host-adapted phenotypes these proteins 
were unable to be linked to function and thus their biological function and consequent significance 
cannot be interpreted. The T. foetus putative EST databases utilised in this study provided an 
economic means of correctly identifying proteins from a parasite with an unsequenced genome. 
Although it is not unusual to search mass spectrometry (MS) generated peak lists against these EST 
databases for protein identification, there are limitations to creating a database from annotated 
transcriptomes (Kumar et al., 2016, Millares et al., 2012). ESTs are translated in the six different Open 
Reading Frames (ORFs) in order to produce a putative EST protein database and the ORFs with the 
longest sequence are included in the database (Wasmuth and Blaxter, 2004, Jongeneel, 2000). This 
method of protein translation, although useful, suffers in terms of the quality of protein sequence 
output due to the fact that ESTs can be of relatively poor quality, subject to frameshifts, likely to 
contain sequencing errors and truncated sequences (Rudd, 2003). All of these limitations will reduce 
the size and usefulness of a protein dataset derived from basic six frame translation with inclusion of 
false positive and truncated translations due to frameshift error (Nagaraj et al., 2007). Future 
proteomic analysis will greatly benefit from the full sequencing, assembly and annotation of the 
genome of T. foetus, specific to the host in question. Generally, this is an expensive procedure, which 
is further exacerbated by the estimated large size of the T. foetus genome (~177 Mb) (Zubacova et al., 
2008). The advent of high-throughput next-generation sequencing technologies and bioinformatics 
tools and the reduction in sequencing costs (Reuter et al., 2015), gives reason for future research to 
focus on sequencing the complete T. foetus genome, and thus benefit future proteomic analysis of T. 
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foetus. It is becoming more and more apparent that integration of all ‘omic’ systems biology (i.e. 
genomics, transcriptomics and proteomics) are essential for addressing system-wide biological 
questions of host-parasite interactions (Swann et al., 2015). Therefore, annotation of the genome will 
be essential to undertake this systems biology approach. 
 Characterisation of PTM 5.3.3
Quantitative analysis using 2DE identified a number of protein proteoforms that contributed to the 
distinction of the bovine isolate from the feline isolate. Preliminary analysis of PTMs using 
fluorescent stains targeting specific phosphorylated and glycosylated proteins was able to confirm both 
these PTMs contribute to the various proteoforms identified in bovine and feline T. foetus genotypes. 
This approach provided a global overview where post-translationally modified proteins were identified 
within a proteome without being subjected to any enrichment steps (Steinberg et al., 2003, Steinberg et 
al., 2001, Schulenberg et al., 2003b). Although relative abundance of the PTM could be quantified, 
this approach is unable to identify the extent of PTM at each amino acid residue and if multiple PTM 
sites are present. This is important when evaluating PTMs as a possible novel biomarker, or designing 
specific inhibitors to specifically target the PTMs (Olsen and Mann, 2013). Enrichment-based steps 
generally used to study PTMs, include immobilized metal ion affinity chromatography (IMAC), metal 
oxide affinity chromatography (MOC) i.e. titanium dioxide (TiO2) chromatography or phosphotyrosine 
immunoprecipitation for phosphorylated peptides (Thingholm and Larsen, 2016, Pinkse et al., 2004, 
Boersema et al., 2010) and lectin chromatography or chemical labelling for glycopeptides (Gerlach et 
al., 2014). Recent phosphoproteomic analysis using MOC TiO2 investigated the role of 
phosphorylation in Leishmania spp. differentiation (Tsigankov et al., 2014, Tsigankov et al., 2013). 
These analyses indicated that Leishmania dovani expresses proteins with multiple phosphorylation 
sites phosphorylated at distinct stages of the life cycle, suggesting a role in functional regulation 
(Tsigankov et al., 2013). Thus, the role of phosphorylation in differentiation suggests phosphorylation 
signalling could be a novel target for future drug discovery studies. Similarly, deeper analysis of the 
glycoproteome of Trypanosoma cruzi using lectin-based and hydrophilic liquid chromatography 
coupled with high resolution LC-MS/MS identified interesting stage-specific glycoproteome 
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signatures that not only increased the understanding of the importance of protein glycosylation in 
epimastigotes and trypomastigotes, but also expanded the repertoire of potential therapeutic targets 
against Chagas disease (Alves et al., 2017). Therefore, future analysis using a targeted approach where 
both glycosylated and phosphorylated proteins firstly undergo an enrichment step and are 
subsequently analysed using mass spectrometry will provide a more targeted platform for the 
characterisation of PTMs in T. foetus.  
 Validation studies of proteins of interest  5.3.4
A number of proteins with potential roles in virulence were identified throughout this study. The 
most significant result highlighted for future investigation are those differentially abundant proteins 
arising from the CP multigene family identified in bovine and feline T. foetus genotypes. Firstly, our 
aim is to validate if the differential abundance of CP profiles is related to host/tissue tropism of each T. 
foetus isolate. This will be confirmed during the host-parasite interaction studies listed in Section 
5.3.1. During the past decade, improvement in mass spectrometry based technologies has led to the 
development of proteomic strategies that not only identify proteins, but also validate protein 
expression changes. In the absence of highly specific antibodies available to quantify T. foetus CPs, 
targeted MS technologies such as selected reaction monitoring (SRM) (also referred to as multiple 
reaction monitoring (MRM) has equipped us with an alternative to western blots assays to perform 
absolute quantification of specific proteins in complex biological samples (Aebersold et al., 2013). 
SRM enables a consistent, reproducible and quantitatively precise measurement for a predetermined 
set of proteins through the monitoring of the unique combination of peptide mass-to-charge (m/z) ratio 
and multiple diagnostic peptide fragment ions (Marx, 2013, Picotti and Aebersold, 2012). A high-
quality set of transitions (precursor-to-product fragmentation reactions) to monitor for each targeted 
peptide is a prerequisite for SRM, and this information is typically extracted from spectral libraries. 
Designing such SRM assays to validate the abundance of CPs identified in these quantitative 
proteomic analyses of T. foetus will enable accurate quantification and may provide potential 
alternative biomarkers to identify trichomoniasis.  
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If it is confirmed at the protein level that CP7 is the most abundant CP in feline T. foetus and CP8 
the most abundant CP in bovine T. foetus, characterisation of the substrate affinities and host-cell 
specificity of both CPs will be necessary. To date, only CP8 from bovine T. foetus has been partially 
characterised in the context of its capacity to induce cytotoxicity in BVECs (Singh et al., 2004, Lucas 
et al., 2008). An initial study suggesting feline T. foetus CPs are involved in adhesion and cytotoxicity 
has also been presented, however, the specific CP(s) inducing this effect is yet to be purified and 
characterised (Tolbert et al., 2014). Isolating native CP7 and CP8 from T. foetus would be ideal for 
these analyses as all the structural and potentially immunogenic features would be preserved. 
However, the similarity in the observed MW and pI of CP7 and CP8 proteoforms would make it very 
difficult to isolate these proteases individually. In most cases, isolated proteins are contaminated with 
other native proteins and only a limited quantity is available from the native organism (Fernandez-
Robledo and Vasta, 2010). Therefore. follow-up studies will be performed using recombinant CP7 and 
CP8. To ensure the recombinant CPs maintain similar PTMs, CPs could be expressed using a 
mammalian cell line expression system. This would enable the characterisation of the optimal 
physiochemical properties, providing an opportunity to assess the immunogenicity of these proteases 
and to design specific inhibitors that target these specific proteases. Furthermore, interacting these 
recombinants with host cells similar to the analysis performed by Singh et al. (2005) will confirm if 
these CPs contribute to the parasites’ virulent phenotype. Therefore, characterisation of CP7 and CP8 
recombinants will provide insight into the involvement of CP7 and CP8 their ability to induce 
infection within respective hosts. 
This thesis has provided evidence that proteomics is an appropriate tool for identifying molecules 
contributing to the host-adapted T. foetus isolates. The changes in protein abundance described 
throughout the chapters in the thesis are true reflections of parasite diversity and biology. The results 
presented here provide preliminary insight towards understanding the functions of the proteins 
identified in the biology of T. foetus host-adapted genotypes. Further novel proteomic investigations 
are required which will hopefully build on this data using new quantitative technologies. Nonetheless, 
this thesis constitutes a thematically and technically cohesive foundation for the field. We hope that it 
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will support ongoing efforts for quantitative proteomics in unravelling the enigma surrounding T. 
foetus host-adapted genotypes. 
 
  
  
 
 
 
 
 
 
  CHAPTER 6
REFERENCE LIST 
 
 
CHAPTER 6: REFERENCES   301 
ABOUD, L., BALL, T. B., TJERNLUND, A. & BURGENER, A. 2014. The role of serpin and 
cystatin antiproteases in mucosal innate immunity and their defense against HIV. Am J Reprod 
Immunol, 71, 12-23. 
ABRAHAM, M. C., DESJARDINS, M., FILION, L. G. & GARBER, G. E. 1996. Inducible immunity 
to Trichomonas vaginalis in a mouse model of vaginal infection. Infect Immun, 64, 3571-5. 
ABRAHAMSON, M., ALVAREZ-FERNANDEZ, M. & NATHANSON, C. M. 2003. Cystatins. 
Biochemical society symposia, 179-99. 
ABRAHAMSON, M., OLAFSSON, I., PALSDOTTIR, A., ULVSBACK, M., LUNDWALL, A., 
JENSSON, O. & GRUBB, A. 1990. Structure and expression of the human cystatin C gene. 
Biochemical journal, 268, 287-94. 
ADAM, R. D., NIGAM, A., SESHADRI, V., MARTENS, C. A., FARNETH, G. A., MORRISON, H. 
G., NASH, T. E., PORCELLA, S. F. & PATEL, R. 2010. The Giardia lamblia VSP gene 
repertoire: characteristics, genomic organization, and evolution. BMC Genomics, 11, 424. 
ADDIS, M. F., RAPPELLI, P. & FIORI, P. L. 2000. Host and tissue specificity of Trichomonas 
vaginalis is not mediated by its known adhesion proteins. Infection and immunity, 68, 4358-
60. 
ADL, S. M., SIMPSON, A. G., LANE, C. E., LUKES, J., BASS, D., BOWSER, S. S., BROWN, M. 
W., BURKI, F., DUNTHORN, M., HAMPL, V., HEISS, A., HOPPENRATH, M., LARA, E., 
LE GALL, L., LYNN, D. H., MCMANUS, H., MITCHELL, E. A., MOZLEY-STANRIDGE, 
S. E., PARFREY, L. W., PAWLOWSKI, J., RUECKERT, S., SHADWICK, L., SCHOCH, C. 
L., SMIRNOV, A. & SPIEGEL, F. W. 2012. The revised classification of eukaryotes. J 
Eukaryot Microbiol, 59, 429-93. 
AEBERSOLD, R., BURLINGAME, A. L. & BRADSHAW, R. A. 2013. Western blots versus 
selected reaction monitoring assays: time to turn the tables? Molecular and cellular 
proteomics, 12, 2381-2. 
AEBI, M. 2013. N-linked protein glycosylation in the ER. Biochimica et biophysica acta, 1833, 2430-
7. 
AGNAMEY, P., DJEDDI, D., OUKACHBI, Z., TOTET, A. & RACCURT, C. P. 2010. 
Cryptosporidium hominis and Isospora belli diarrhea in travelers returning from West Africa. 
Journal of travel medicine, 17, 141-2. 
AGOSTA, S. J., JANZ, N. & BROOKS, D. R. 2010. How specialists can be generalists: resolving the 
"parasite paradox" and implications for emerging infectious disease. Zoologia (Curitiba). 
AITKEN, A. 2006. 14-3-3 proteins: a historic overview. Seminars in Cancer Biology, 16, 162-72. 
AKIRA, S., UEMATSU, S. & TAKEUCHI, O. 2006. Pathogen recognition and innate immunity. Cell, 
124, 783-801. 
ALDERETE, J. F. 1988. Alternating phenotypic expression of two classes of Trichomonas vaginalis 
surface markers. Reviews of infectious diseases, 10 Suppl 2, S408-12. 
ALDERETE, J. F. 1999. Iron modulates phenotypic variation and phosphorylation of P270 in double-
stranded RNA virus-infected Trichomonas vaginalis. Infection and immunity, 67, 4298-302. 
ALDERETE, J. F., BENCHIMOL, M., LEHKER, M. W. & CROUCH, M. L. 2002. The complex 
fibronectin-Trichomonas vaginalis interactions and Trichomonosis. Parasitol Int, 51, 285-92. 
ALDERETE, J. F. & GARZA, G. E. 1984. Soluble Trichomonas vaginalis antigens in cell-free culture 
supernatants. Mol Biochem Parasitol, 13, 147-58. 
ALDERETE, J. F. & GARZA, G. E. 1988. Identification and properties of Trichomonas vaginalis 
proteins involved in cytadherence. Infection and immunity, 56, 28-33. 
ALDERETE, J. F., MILLSAP, K. W., LEHKER, M. W. & BENCHIMOL, M. 2001. Enzymes on 
microbial pathogens and Trichomonas vaginalis: molecular mimicry and functional diversity. 
Cellular microbiology, 3, 359-70. 
ALDERETE, J. F., PROVENZANO, D. & LEHKER, M. W. 1995. Iron mediates Trichomonas 
vaginalis resistance to complement lysis. Microbial pathogenesis, 19, 93-103. 
ALLENSPACH, K. 2011. Clinical immunology and immunopathology of the canine and feline 
intestine. Vet Clin North Am Small Anim Pract, 41, 345-60. 
CHAPTER 6: REFERENCES   302 
ALSMARK, C., FOSTER, P. G., SICHERITZ-PONTEN, T., NAKJANG, S., MARTIN EMBLEY, T. 
& HIRT, R. P. 2013. Patterns of prokaryotic lateral gene transfers affecting parasitic microbial 
eukaryotes. Genome Biol, 14, R19. 
ALTELAAR, A. F., MUNOZ, J. & HECK, A. J. 2013. Next-generation proteomics: towards an 
integrative view of proteome dynamics. Nat Rev Genet, 14, 35-48. 
ALVAR, J., APARICIO, P., ASEFFA, A., DEN BOER, M., CANAVATE, C., DEDET, J. P., 
GRADONI, L., TER HORST, R., LOPEZ-VELEZ, R. & MORENO, J. 2008. The relationship 
between leishmaniasis and AIDS: the second 10 years. Clinical microbiology reviews, 21, 
334-59, table of contents. 
ALVAR, J., VELEZ, I. D., BERN, C., HERRERO, M., DESJEUX, P., CANO, J., JANNIN, J. & DEN 
BOER, M. 2012. Leishmaniasis worldwide and global estimates of its incidence. PloS one, 7, 
e35671. 
ALVAREZ-SANCHEZ, M. E., AVILA-GONZALEZ, L., BECERRIL-GARCIA, C., FATTEL-
FACENDA, L. V., ORTEGA-LOPEZ, J. & ARROYO, R. 2000. A novel cysteine proteinase 
(CP65) of Trichomonas vaginalis involved in cytotoxicity. Microbial pathogenesis, 28, 193-
202. 
ALVAREZ-SANCHEZ, M. E., CARVAJAL-GAMEZ, B. I., SOLANO-GONZALEZ, E., 
MARTINEZ-BENITEZ, M., GARCIA, A. F., ALDERETE, J. F. & ARROYO, R. 2008. 
Polyamine depletion down-regulates expression of the Trichomonas vaginalis cytotoxic CP65, 
a 65-kDa cysteine proteinase involved in cellular damage. Int J Biochem Cell Biol, 40, 2442-
51. 
ALVAREZ, A. H., MARTINEZ-CADENA, G., SILVA, M. E., SAAVEDRA, E. & AVILA, E. E. 
2007. Entamoeba histolytica: ADP-ribosylation of secreted glyceraldehyde-3-phosphate 
dehydrogenase. Exp Parasitol, 117, 349-56. 
ALVES, M. J., KAWAHARA, R., VINER, R., COLLI, W., MATTOS, E. C., THAYSEN-
ANDERSEN, M., LARSEN, M. R. & PALMISANO, G. 2017. Comprehensive glycoprofiling 
of the epimastigote and trypomastigote stages of Trypanosoma cruzi. J Proteomics, 151, 182-
192. 
AMIN, A., NOBAUER, K., PATZL, M., BERGER, E., HESS, M. & BILIC, I. 2012. Cysteine 
peptidases, secreted by Trichomonas gallinae, are involved in the cytopathogenic effects on a 
permanent chicken liver cell culture. PloS One, 7, e37417. 
AMINAKE, M. N., ARNDT, H. D. & PRADEL, G. 2012. The proteasome of malaria parasites: A 
multi-stage drug target for chemotherapeutic intervention? Int J Parasitol Drugs Drug Resist, 
2, 1-10. 
ANDERSON, M. L., BONDURANT, R. H., CORBEIL, R. R. & CORBEIL, L. B. 1996. Immune and 
inflammatory responses to reproductive tract infection with Tritrichomonas foetus in 
immunized and control heifers. J Parasitol, 82, 594-600. 
ANKARKLEV, J., JERLSTROM-HULTQVIST, J., RINGQVIST, E., TROELL, K. & SVARD, S. G. 
2010. Behind the smile: cell biology and disease mechanisms of Giardia species. Nature 
reviews. Microbiology, 8, 413-22. 
ARIAS, D. G., MARQUEZ, V. E., CHIRIBAO, M. L., GADELHA, F. R., ROBELLO, C., 
IGLESIAS, A. A. & GUERRERO, S. A. 2013. Redox metabolism in Trypanosoma cruzi: 
functional characterization of tryparedoxins revisited. Free Radic Biol Med, 63, 65-77. 
ARRANZ-SOLIS, D., PEDRAZA-DIAZ, S., MIRO, G., ROJO-MONTEJO, S., HERNANDEZ, L., 
ORTEGA-MORA, L. M. & COLLANTES-FERNANDEZ, E. 2016. Tritrichomonas foetus 
infection in cats with diarrhea from densely housed origins. Vet Parasitol, 221, 118-22. 
ARROYO, R. & ALDERETE, J. F. 1989. Trichomonas vaginalis surface proteinase activity is 
necessary for parasite adherence to epithelial cells. Infection and immunity, 57, 2991-7. 
ARROYO, R., ENGBRING, J. & ALDERETE, J. F. 1992. Molecular basis of host epithelial cell 
recognition by Trichomonas vaginalis. Mol Microbiol, 6, 853-62. 
ASAHI, H., OSMAN, A., COOK, R. M., LOVERDE, P. T. & STADECKER, M. J. 2000. 
Schistosoma mansoni phosphoenolpyruvate carboxykinase, a novel egg antigen: 
immunological properties of the recombinant protein and identification of a T-cell epitope. 
Infect Immun, 68, 3385-93. 
CHAPTER 6: REFERENCES   303 
ASHBURNER, M., BALL, C. A., BLAKE, J. A., BOTSTEIN, D., BUTLER, H., CHERRY, J. M., 
DAVIS, A. P., DOLINSKI, K., DWIGHT, S. S., EPPIG, J. T., HARRIS, M. A., HILL, D. P., 
ISSEL-TARVER, L., KASARSKIS, A., LEWIS, S., MATESE, J. C., RICHARDSON, J. E., 
RINGWALD, M., RUBIN, G. M. & SHERLOCK, G. 2000. Gene ontology: tool for the 
unification of biology. The Gene Ontology Consortium. Nature genetics, 25, 25-9. 
ASLAM, S., BHATTACHARYA, S. & BHATTACHARYA, A. 2012. The Calmodulin-like calcium 
binding protein EhCaBP3 of Entamoeba histolytica regulates phagocytosis and is involved in 
actin dynamics. PLoS Pathog, 8, e1003055. 
ASTRONOMO, R. D. & BURTON, D. R. 2010. Carbohydrate vaccines: developing sweet solutions 
to sticky situations? Nat Rev Drug Discov, 9, 308-24. 
ATKINSON, H. J., BABBITT, P. C. & SAJID, M. 2009. The global cysteine peptidase landscape in 
parasites. Trends in parasitology, 25, 573-81. 
BABAL, P. & RUSSELL, L. C. 1999. Sialic acid-specific lectin-mediated adhesion of Tritrichomonas 
foetus and Tritrichomonas mobilensis. J Parasitol, 85, 33-40. 
BALTZELL, P., NEWTON, H. & O'CONNOR, A. M. 2013. A critical review and meta-analysis of 
the efficacy of whole-cell killed Tritrichomonas foetus vaccines in beef cattle. J Vet Intern 
Med, 27, 760-70. 
BARD, F. & CHIA, J. 2016. Cracking the Glycome Encoder: Signaling, Trafficking, and 
Glycosylation. Trends Cell Biol, 26, 379-88. 
BARRETT, A. J., WOESSNER, J. F. & RAWLINGS, N. D. 2012. Handbook of proteolytic enzymes, 
Elsevier. 
BARRETT, J., JEFFERIES, J. R. & BROPHY, P. M. 2000. Parasite proteomics. Parasitol Today, 16, 
400-3. 
BARTLEY, P. M., WRIGHT, S., SALES, J., CHIANINI, F., BUXTON, D. & INNES, E. A. 2006. 
Long-term passage of tachyzoites in tissue culture can attenuate virulence of Neospora 
caninum in vivo. Parasitology, 133, 421-432. 
BASTIDA-CORCUERA, F., BUTLER, J. E., HEYERMANN, H., THOMFORD, J. W. & CORBEIL, 
L. B. 2000. Tritrichomonas foetus extracellular cysteine proteinase cleavage of bovine IgG2 
allotypes. The Journal of parasitology, 86, 328-32. 
BASTIDA-CORCUERA, F. D., OKUMURA, C. Y., COLOCOUSSI, A. & JOHNSON, P. J. 2005. 
Trichomonas vaginalis lipophosphoglycan mutants have reduced adherence and cytotoxicity 
to human ectocervical cells. Eukaryotic cell, 4, 1951-8. 
BATES, P. A. & DWYER, D. M. 1987. Biosynthesis and secretion of acid phosphatase by Leishmania 
donovani promastigotes. Mol Biochem Parasitol, 26, 289-96. 
BAUM, J., PAPENFUSS, A. T., BAUM, B., SPEED, T. P. & COWMAN, A. F. 2006. Regulation of 
apicomplexan actin-based motility. Nat Rev Microbiol, 4, 621-8. 
BAYER-SANTOS, E., AGUILAR-BONAVIDES, C., RODRIGUES, S. P., CORDERO, E. M., 
MARQUES, A. F., VARELA-RAMIREZ, A., CHOI, H., YOSHIDA, N., DA SILVEIRA, J. 
F. & ALMEIDA, I. C. 2013. Proteomic analysis of Trypanosoma cruzi secretome: 
characterization of two populations of extracellular vesicles and soluble proteins. J Proteome 
Res, 12, 883-97. 
BEACH, D. H., HOLZ, G. G., JR., SINGH, B. N. & LINDMARK, D. G. 1990. Fatty acid and sterol 
metabolism of cultured Trichomonas vaginalis and Tritrichomonas foetus. Mol Biochem 
Parasitol, 38, 175-90. 
BELL, E. T., GOWAN, R. A., LINGARD, A. E., MCCOY, R. J., SLAPETA, J. & MALIK, R. 2010. 
Naturally occurring Tritrichomonas foetus infections in Australian cats: 38 cases. J Feline 
Med Surg, 12, 889-98. 
BENCHIMOL, M., DE ALMEIDA, L. G. P., VASCONCELOS, A. T., DE ANDRADE ROSA, I., 
REIS BOGO, M., KIST, L. W. & DE SOUZA, W. 2017. Draft Genome Sequence of 
Tritrichomonas foetus Strain K. Genome Announc, 5. 
BENCHIMOL, M., DE ANDRADE ROSA, I., DA SILVA FONTES, R. & BURLA DIAS, A. J. 
2008. Trichomonas adhere and phagocytose sperm cells: adhesion seems to be a prominent 
stage during interaction. Parasitol Res, 102, 597-604. 
CHAPTER 6: REFERENCES   304 
BENCHIMOL, M. & DE SOUZA, W. 1995. Carbohydrate involvement in the association of a 
prokaryotic cell with Trichomonas vaginalis and Tritrichomonas foetus. Parasitol Res, 81, 
459-64. 
BENDESKY, A., MENENDEZ, D. & OSTROSKY-WEGMAN, P. 2002. Is metronidazole 
carcinogenic? Mutat Res, 511, 133-44. 
BENDTSEN, J. D., JENSEN, L. J., BLOM, N., VON HEIJNE, G. & BRUNAK, S. 2004. Feature-
based prediction of non-classical and leaderless protein secretion. Protein engineering, design 
& selection : PEDS, 17, 349-56. 
BILLER, L., DAVIS, P. H., TILLACK, M., MATTHIESEN, J., LOTTER, H., STANLEY, S. L., JR., 
TANNICH, E. & BRUCHHAUS, I. 2010. Differences in the transcriptome signatures of two 
genetically related Entamoeba histolytica cell lines derived from the same isolate with 
different pathogenic properties. BMC Genomics, 11, 63. 
BILLER, L., MATTHIESEN, J., KUHNE, V., LOTTER, H., HANDAL, G., NOZAKI, T., SAITO-
NAKANO, Y., SCHUMANN, M., ROEDER, T., TANNICH, E., KRAUSE, E. & 
BRUCHHAUS, I. 2014. The cell surface proteome of Entamoeba histolytica. Mol Cell 
Proteomics, 13, 132-44. 
BILLER, L., SCHMIDT, H., KRAUSE, E., GELHAUS, C., MATTHIESEN, J., HANDAL, G., 
LOTTER, H., JANSSEN, O., TANNICH, E. & BRUCHHAUS, I. 2009. Comparison of two 
genetically related Entamoeba histolytica cell lines derived from the same isolate with 
different pathogenic properties. Proteomics, 9, 4107-20. 
BIRON, D. G. & LOXDALE, H. D. 2013. Host-parasite molecular cross-talk during the manipulative 
process of a host by its parasite. J Exp Biol, 216, 148-60. 
BLANKENVOORDE, M. F., VAN'T HOF, W., WALGREEN-WETERINGS, E., VAN 
STEENBERGEN, T. J., BRAND, H. S., VEERMAN, E. C. & NIEUW AMERONGEN, A. V. 
1998. Cystatin and cystatin-derived peptides have antibacterial activity against the pathogen 
Porphyromonas gingivalis. Biol Chem, 379, 1371-5. 
BLONDEL, C. J., PARK, J. S., HUBBARD, T. P., PACHECO, A. R., KUEHL, C. J., WALSH, M. J., 
DAVIS, B. M., GEWURZ, B. E., DOENCH, J. G. & WALDOR, M. K. 2016. CRISPR/Cas9 
Screens Reveal Requirements for Host Cell Sulfation and Fucosylation in Bacterial Type III 
Secretion System-Mediated Cytotoxicity. Cell Host Microbe, 20, 226-37. 
BLUME, M., NITZSCHE, R., STERNBERG, U., GERLIC, M., MASTERS, S. L., GUPTA, N. & 
MCCONVILLE, M. J. 2015. A Toxoplasma gondii Gluconeogenic Enzyme Contributes to 
Robust Central Carbon Metabolism and Is Essential for Replication and Virulence. Cell Host 
Microbe, 18, 210-20. 
BOCKSTAL, V., GUIRNALDA, P., CALJON, G., GOENKA, R., TELFER, J. C., FRENKEL, D., 
RADWANSKA, M., MAGEZ, S. & BLACK, S. J. 2011. T. brucei infection reduces B 
lymphopoiesis in bone marrow and truncates compensatory splenic lymphopoiesis through 
transitional B-cell apoptosis. PLoS Pathog, 7, e1002089. 
BOERSEMA, P. J., FOONG, L. Y., DING, V. M., LEMEER, S., VAN BREUKELEN, B., PHILP, R., 
BOEKHORST, J., SNEL, B., DEN HERTOG, J., CHOO, A. B. & HECK, A. J. 2010. In-
depth qualitative and quantitative profiling of tyrosine phosphorylation using a combination of 
phosphopeptide immunoaffinity purification and stable isotope dimethyl labeling. Mol Cell 
Proteomics, 9, 84-99. 
BOGDAN, C., ROLLINGHOFF, M. & DIEFENBACH, A. 2000. Reactive oxygen and reactive 
nitrogen intermediates in innate and specific immunity. Curr Opin Immunol, 12, 64-76. 
BOLLAG, G. & MCCORMICK, F. 1991. Regulators and effectors of ras proteins. Annu Rev Cell 
Biol, 7, 601-32. 
BONDURANT, R. H. 1997. Pathogenesis, diagnosis, and management of trichomoniasis in cattle. The 
Veterinary clinics of North America. Food animal practice, 13, 345-61. 
BONDURANT, R. H. 2005. Venereal diseases of cattle: natural history, diagnosis, and the role of 
vaccines in their control. The Veterinary clinics of North America. Food animal practice, 21, 
383-408. 
BONDURANT, R. H., CORBEIL, R. R. & CORBEIL, L. B. 1993. Immunization of virgin cows with 
surface antigen TF1.17 of Tritrichomonas foetus. Infection and immunity, 61, 1385-94. 
CHAPTER 6: REFERENCES   305 
BONDURANT, R. H., VAN HOOSEAR, K. A., CORBEIL, L. B. & BERNOCO, D. 1996. 
Serological response to in vitro-shed antigen(s) of Tritrichomonas foetus in cattle. Clin Diagn 
Lab Immunol, 3, 432-7. 
BONIN-DEBS, A. L., BOCHE, I., GILLE, H. & BRINKMANN, U. 2004. Development of secreted 
proteins as biotherapeutic agents. Expert Opin Biol Ther, 4, 551-8. 
BOZNER, P., DEMES, P. & STEFANOVIC, J. 1990. Proteolytic activity in Tritrichomonas 
mobilensis. Parasitology, 101 Pt 1, 57-60. 
BRADLEY, P. J., LAHTI, C. J., PLUMPER, E. & JOHNSON, P. J. 1997. Targeting and translocation 
of proteins into the hydrogenosome of the protist Trichomonas: similarities with 
mitochondrial protein import. The EMBO journal, 16, 3484-93. 
BRASEN, C., ESSER, D., RAUCH, B. & SIEBERS, B. 2014. Carbohydrate metabolism in Archaea: 
current insights into unusual enzymes and pathways and their regulation. Microbiol Mol Biol 
Rev, 78, 89-175. 
BRICHEUX, G. & BRUGEROLLE, G. 1997. Molecular cloning of actin genes in Trichomonas 
vaginalis and phylogeny inferred from actin sequences. FEMS Microbiol Lett, 153, 205-13. 
BRICHEUX, G., COFFE, G., BAYLE, D. & BRUGEROLLE, G. 2000. Characterization, cloning and 
immunolocalization of a coronin homologue in Trichomonas vaginalis. Eur J Cell Biol, 79, 
413-22. 
BRITTINGHAM, A., CHEN, G., MCGWIRE, B. S., CHANG, K. P. & MOSSER, D. M. 1999. 
Interaction of Leishmania GP63 with cellular receptors for fibronectin. Infect Immun, 67, 
4477-84. 
BROOKS, S. A. 2004. Appropriate glycosylation of recombinant proteins for human use: implications 
of choice of expression system. Mol Biotechnol, 28, 241-55. 
BROSEY, B. P., HILL, R. C. & SCOTT, K. C. 2000. Gastrointestinal volatile fatty acid 
concentrations and pH in cats. American journal of veterinary research, 61, 359-61. 
BRUCHHAUS, I., JACOBS, T., LEIPPE, M. & TANNICH, E. 1996. Entamoeba histolytica and 
Entamoeba dispar: differences in numbers and expression of cysteine proteinase genes. Mol 
Microbiol, 22, 255-63. 
BRUGEROLLE, G., BRICHEUX, G. & COFFE, G. 2000. Immunolocalization of two 
hydrogenosomal enzymes of Trichomonas vaginalis. Parasitology research, 86, 30-5. 
BRUNORO, G. V., CAMINHA, M. A., FERREIRA, A. T., LEPREVOST FDA, V., CARVALHO, P. 
C., PERALES, J., VALENTE, R. H. & MENNA-BARRETO, R. F. 2015. Reevaluating the 
Trypanosoma cruzi proteomic map: The shotgun description of bloodstream trypomastigotes. 
J Proteomics, 115, 58-65. 
BURDA, P. & AEBI, M. 1999. The dolichol pathway of N-linked glycosylation. Biochim Biophys 
Acta, 1426, 239-57. 
BURET, A. G. 2008. Pathophysiology of enteric infections with Giardia duodenalis. Parasite, 15, 
261-5. 
BURGESS, D. E., KNOBLOCK, K. F., DAUGHERTY, T. & ROBERTSON, N. P. 1990. Cytotoxic 
and hemolytic effects of Tritrichomonas foetus on mammalian cells. Infect Immun, 58, 3627-
32. 
BURGESS, D. E. & MCDONALD, C. M. 1992. Analysis of adhesion and cytotoxicity of 
Tritrichomonas foetus to mammalian cells by use of monoclonal antibodies. Infection and 
immunity, 60, 4253-9. 
BUTT, R. H. & COORSSEN, J. R. 2005. Postfractionation for enhanced proteomic analyses: routine 
electrophoretic methods increase the resolution of standard 2D-PAGE. J Proteome Res, 4, 
982-91. 
BUTTREY, B. W. 1956. A morphological description of a Tritrichomonas from the nasal cavity of 
swine. The Journal of protozoology, 3, 8-13. 
CAMPBELL, C. T. & YAREMA, K. J. 2005. Large-scale approaches for glycobiology. Genome Biol, 
6, 236. 
CAREY, K. L., JONGCO, A. M., KIM, K. & WARD, G. E. 2004. The Toxoplasma gondii rhoptry 
protein ROP4 is secreted into the parasitophorous vacuole and becomes phosphorylated in 
infected cells. Eukaryot Cell, 3, 1320-30. 
CHAPTER 6: REFERENCES   306 
CARLTON, J. M., ADAMS, J. H., SILVA, J. C., BIDWELL, S. L., LORENZI, H., CALER, E., 
CRABTREE, J., ANGIUOLI, S. V., MERINO, E. F., AMEDEO, P., CHENG, Q., 
COULSON, R. M., CRABB, B. S., DEL PORTILLO, H. A., ESSIEN, K., FELDBLYUM, T. 
V., FERNANDEZ-BECERRA, C., GILSON, P. R., GUEYE, A. H., GUO, X., KANG'A, S., 
KOOIJ, T. W., KORSINCZKY, M., MEYER, E. V., NENE, V., PAULSEN, I., WHITE, O., 
RALPH, S. A., REN, Q., SARGEANT, T. J., SALZBERG, S. L., STOECKERT, C. J., 
SULLIVAN, S. A., YAMAMOTO, M. M., HOFFMAN, S. L., WORTMAN, J. R., 
GARDNER, M. J., GALINSKI, M. R., BARNWELL, J. W. & FRASER-LIGGETT, C. M. 
2008. Comparative genomics of the neglected human malaria parasite Plasmodium vivax. 
Nature, 455, 757-63. 
CARLTON, J. M., HIRT, R. P., SILVA, J. C., DELCHER, A. L., SCHATZ, M., ZHAO, Q., 
WORTMAN, J. R., BIDWELL, S. L., ALSMARK, U. C., BESTEIRO, S., SICHERITZ-
PONTEN, T., NOEL, C. J., DACKS, J. B., FOSTER, P. G., SIMILLION, C., VAN DE PEER, 
Y., MIRANDA-SAAVEDRA, D., BARTON, G. J., WESTROP, G. D., MULLER, S., DESSI, 
D., FIORI, P. L., REN, Q., PAULSEN, I., ZHANG, H., BASTIDA-CORCUERA, F. D., 
SIMOES-BARBOSA, A., BROWN, M. T., HAYES, R. D., MUKHERJEE, M., OKUMURA, 
C. Y., SCHNEIDER, R., SMITH, A. J., VANACOVA, S., VILLALVAZO, M., HAAS, B. J., 
PERTEA, M., FELDBLYUM, T. V., UTTERBACK, T. R., SHU, C. L., OSOEGAWA, K., 
DE JONG, P. J., HRDY, I., HORVATHOVA, L., ZUBACOVA, Z., DOLEZAL, P., MALIK, 
S. B., LOGSDON, J. M., JR., HENZE, K., GUPTA, A., WANG, C. C., DUNNE, R. L., 
UPCROFT, J. A., UPCROFT, P., WHITE, O., SALZBERG, S. L., TANG, P., CHIU, C. H., 
LEE, Y. S., EMBLEY, T. M., COOMBS, G. H., MOTTRAM, J. C., TACHEZY, J., 
FRASER-LIGGETT, C. M. & JOHNSON, P. J. 2007. Draft genome sequence of the sexually 
transmitted pathogen Trichomonas vaginalis. Science, 315, 207-12. 
CARRUTHERS, V. B. 2015. Parasites and their heterophagic appetite for disease. PLoS Pathog, 11, 
e1004803. 
CARTER, S. B., FRANKLIN, T. J., JONES, D. F., LEONARD, B. J., MILLS, S. D., TURNER, R. W. 
& TURNER, W. B. 1969. Mycophenolic acid: an anti-cancer compound with unusual 
properties. Nature, 223, 848-50. 
CARVAJAL-GAMEZ, B. I., QUINTAS-GRANADOS, L. I., ARROYO, R., VAZQUEZ-
CARRILLO, L. I., RAMON-LUING LDE, L., CARRILLO-TAPIA, E. & ALVAREZ-
SANCHEZ, M. E. 2014. Putrescine-dependent re-localization of TvCP39, a cysteine 
proteinase involved in Trichomonas vaginalis cytotoxicity. PLoS One, 9, e107293. 
CASADEVALL, A. & PIROFSKI, L. 2001. Host-pathogen interactions: the attributes of virulence. J 
Infect Dis, 184, 337-44. 
CASADEVALL, A. & PIROFSKI, L. A. 1999. Host-pathogen interactions: redefining the basic 
concepts of virulence and pathogenicity. Infect Immun, 67, 3703-13. 
CASADEVALL, A. & PIROFSKI, L. A. 2000. Host-pathogen interactions: basic concepts of 
microbial commensalism, colonization, infection, and disease. Infect Immun, 68, 6511-8. 
CASTRÉN, L., VAINIO-SIUKOLA, K., LAAKSONEN, I. & SAARI, S. 2011 Tritrichomonas foetus 
as a cause of feline chronic large bowel diarrhoea. . Suomen Eläinlääkärilehti, 117, 371–378. 
CASTRO, C., MENNA-BARRETO, R. F., FERNANDES NDE, S., SABOIA-VAHIA, L., DIAS-
LOPES, G., BRITTO, C., CUERVO, P. & JB, D. E. J. 2016. Iron-modulated pseudocyst 
formation in Tritrichomonas foetus. Parasitology, 143, 1034-42. 
CAVALIER-SMITH, T. 1993. Kingdom protozoa and its 18 phyla. Microbiological reviews, 57, 953-
94. 
CAVALIER-SMITH, T. 2002. The phagotrophic origin of eukaryotes and phylogenetic classification 
of Protozoa. Int J Syst Evol Microbiol, 52, 297-354. 
CEPICKA, I., HAMPL, V. & KULDA, J. 2010. Critical taxonomic revision of Parabasalids with 
description of one new genus and three new species. Protist, 161, 400-33. 
CERKASOV, J., CERKASOVOVA, A., KULDA, J. & VILHELMOVA, D. 1978. Respiration of 
hydrogenosomes of Tritrichomonas foetus. I. ADP-dependent oxidation of malate and 
pyruvate. J Biol Chem, 253, 1207-14. 
CHAPTER 6: REFERENCES   307 
CERKASOVOVA, A., CERKASOV, J. & KULDA, J. 1984. Metabolic differences between 
metronidazole resistant and susceptible strains of Tritrichomonas foetus. Mol Biochem 
Parasitol, 11, 105-18. 
CHANG, J. H., KIM, S. K., CHOI, I. H., LEE, S. K., MORIO, T. & CHANG, E. J. 2006. Apoptosis of 
macrophages induced by Trichomonas vaginalis through the phosphorylation of p38 mitogen-
activated protein kinase that locates at downstream of mitochondria-dependent caspase 
activation. Int J Biochem Cell Biol, 38, 638-47. 
CHANG, J. H., RYANG, Y. S., MORIO, T., LEE, S. K. & CHANG, E. J. 2004. Trichomonas 
vaginalis inhibits proinflammatory cytokine production in macrophages by suppressing NF-
kappaB activation. Mol Cells, 18, 177-85. 
CHAPWANYA, A., USMAN, A. Y. & IRONS, P. C. 2016. Comparative aspects of immunity and 
vaccination in human and bovine trichomoniasis: a review. Trop Anim Health Prod, 48, 1-7. 
CHEN, D. Q., KOLLI, B. K., YADAVA, N., LU, H. G., GILMAN-SACHS, A., PETERSON, D. A. & 
CHANG, K. P. 2000. Episomal expression of specific sense and antisense mRNAs in 
Leishmania amazonensis: modulation of gp63 level in promastigotes and their infection of 
macrophages in vitro. Infect Immun, 68, 80-6. 
CHEN, N., YUAN, Z. G., XU, M. J., ZHOU, D. H., ZHANG, X. X., ZHANG, Y. Z., WANG, X. W., 
YAN, C., LIN, R. Q. & ZHU, X. Q. 2012. Ascaris suum enolase is a potential vaccine 
candidate against ascariasis. Vaccine, 30, 3478-82. 
CHETOUHI, C., PANEK, J., BONHOMME, L., ELALAOUI, H., TEXIER, C., LANGIN, T., DE 
BEKKER, C., URBACH, S., DEMETTRE, E., MISSE, D., HOLZMULLER, P., HUGHES, 
D. P., ZANZONI, A., BRUN, C. & BIRON, D. G. 2015. Cross-talk in host-parasite 
associations: What do past and recent proteomics approaches tell us? Infect Genet Evol, 33, 
84-94. 
CHO, W. & STAHELIN, R. V. 2006. Membrane binding and subcellular targeting of C2 domains. 
Biochimica et Biophysica Acta (BBA)-Molecular and Cell Biology of Lipids, 1761, 838-849. 
CHOI, M. H., SAJED, D., POOLE, L., HIRATA, K., HERDMAN, S., TORIAN, B. E. & REED, S. L. 
2005. An unusual surface peroxiredoxin protects invasive Entamoeba histolytica from oxidant 
attack. Mol Biochem Parasitol, 143, 80-9. 
CIFALI, A. P. & DIAS FILHO, B. P. 1999. Purification and partial characterization of N-acetyl-beta-
D-glucosaminidase from Tritrichomonas foetus. Parasitol Res, 85, 256-62. 
CLARK, B. L., EMERY, D. L. & DUFTY, J. H. 1984. Therapeutic immunisation of bulls with the 
membranes and glycoproteins of Tritrichomonas foetus var. brisbane. Aust Vet J, 61, 65-6. 
CLARK, B. L., PARSONSON, I. M., WHITE, M. B., BANFIELD, J. C. & YOUNG, J. S. 1974. 
Control of trichomoniasis in a large herd of beef cattle. Australian veterinary journal, 50, 424-
6. 
CLARK, R. S., BAYIR, H. & JENKINS, L. W. 2005. Posttranslational protein modifications. Crit 
Care Med, 33, S407-9. 
CNOPS, J., MAGEZ, S. & DE TREZ, C. 2015. Escape mechanisms of African trypanosomes: why 
trypanosomosis is keeping us awake. Parasitology, 142, 417-27. 
COATES, J. C. 2003. Armadillo repeat proteins: beyond the animal kingdom. Trends Cell Biol, 13, 
463-71. 
COBO, E. R., CANO, D. & CAMPERO, C. M. 2001. Experimental infection with Tritrichomonas 
suis in heifers. Vet Parasitol, 99, 73-8. 
COBO, E. R., CANO, D., ROSSETTI, O. & CAMPERO, C. M. 2002. Heifers immunized with whole-
cell and membrane vaccines against Tritrichomonas foetus and naturally challenged with an 
infected bull. Vet Parasitol, 109, 169-84. 
COBO, E. R., CORBEIL, L. B. & BONDURANT, R. H. 2011. Immunity to infections in the lower 
genital tract of bulls. J Reprod Immunol, 89, 55-61. 
COHEN, P. 1989. The structure and regulation of protein phosphatases. Annu Rev Biochem, 58, 453-
508. 
COHEN, P. T. 2002. Protein phosphatase 1-targeted in many directions. J Cell Sci, 115, 241-56. 
COLLANTES-FERNANDEZ, E., MENDOZA-IBARRA, J. A., PEDRAZA-DIAZ, S., ROJO-
MONTEJO, S., NAVARRO-LOZANO, V., SANCHEZ-SANCHEZ, R., RUIZ-SANTA-
CHAPTER 6: REFERENCES   308 
QUITERIA, J. A., ORTEGA-MORA, L. M. & OSORO, K. 2014. Efficacy of a control 
program for bovine trichomonosis based on testing and culling infected bulls in beef cattle 
managed under mountain pastoral systems of Northern Spain. Vet J, 200, 140-5. 
COLLINGRIDGE, P. W., BROWN, R. W. & GINGER, M. L. 2010. Moonlighting enzymes in 
parasitic protozoa. Parasitology, 137, 1467-75. 
COMPTON, P. D., ZAMDBORG, L., THOMAS, P. M. & KELLEHER, N. L. 2011. On the 
scalability and requirements of whole protein mass spectrometry. Anal Chem, 83, 6868-74. 
CONESA, A., GOTZ, S., GARCIA-GOMEZ, J. M., TEROL, J., TALON, M. & ROBLES, M. 2005. 
Blast2GO: a universal tool for annotation, visualization and analysis in functional genomics 
research. Bioinformatics, 21, 3674-6. 
CONNARIS, S. & GREENWELL, P. 1997. Glycosidases in mucin-dwelling protozoans. Glycoconj J, 
14, 879-82. 
CONRAD, M. D., BRADIC, M., WARRING, S. D., GORMAN, A. W. & CARLTON, J. M. 2013. 
Getting trichy: tools and approaches to interrogating Trichomonas vaginalis in a post-genome 
world. Trends Parasitol, 29, 17-25. 
COOMBS, G. H., WESTROP, G. D., SUCHAN, P., PUZOVA, G., HIRT, R. P., EMBLEY, T. M., 
MOTTRAM, J. C. & MULLER, S. 2004. The amitochondriate eukaryote Trichomonas 
vaginalis contains a divergent thioredoxin-linked peroxiredoxin antioxidant system. J Biol 
Chem, 279, 5249-56. 
COORSSEN, J. & YERGEY, A. 2015. Proteomics Is Analytical Chemistry: Fitness-for-Purpose in the 
Application of Top-Down and Bottom-Up Analyses. Proteomes, 3, 440. 
CORBEIL, L. B. 1994. Vaccination strategies against Tritrichomonas foetus. Parasitology today, 10, 
103-6. 
CORBEIL, L. B. 1995. Use of an animal model of trichomoniasis as a basis for understanding this 
disease in women. Clin Infect Dis, 21 Suppl 2, S158-61. 
CORBEIL, L. B., ANDERSON, M. L., CORBEIL, R. R., EDDOW, J. M. & BONDURANT, R. H. 
1998. Female reproductive tract immunity in bovine trichomoniasis. Am J Reprod Immunol, 
39, 189-98. 
CORBEIL, L. B., HODGSON, J. L., JONES, D. W., CORBEIL, R. R., WIDDERS, P. R. & 
STEPHENS, L. R. 1989. Adherence of Tritrichomonas foetus to bovine vaginal epithelial 
cells. Infection and immunity, 57, 2158-65. 
CORBEIL, L. B., HODGSON, J. L. & WIDDERS, P. R. 1991. Immunoglobulin binding by 
Tritrichomonas foetus. Journal of clinical microbiology, 29, 2710-4. 
CORBEIL, L. B., MUNSON, L., CAMPERO, C. & BONDURANT, R. H. 2001. Bovine 
trichomoniasis as a model for development of vaccines against sexually-transmitted disease. 
Am J Reprod Immunol, 45, 310-9. 
CORFIELD, A. 2017. Eukaryotic protein glycosylation: a primer for histochemists and cell biologists. 
Histochem Cell Biol, 147, 119-147. 
CORNELISSEN, A. W. & SCHETTERS, T. P. 1996. Vaccines against protozoal diseases of 
veterinary importance. FEMS Immunol Med Microbiol, 15, 61-72. 
CORSINI, A. C., CLAYTON, C., ASKONAS, B. A. & OGILVIE, B. M. 1977. Suppressor cells and 
loss of B-cell potential in mice infected with Trypanosoma brucei. Clin Exp Immunol, 29, 
122-31. 
CORTES, A., SOTILLO, J., MUNOZ-ANTOLI, C., TRELIS, M., ESTEBAN, J. G. & TOLEDO, R. 
2016. Definitive host influences the proteomic profile of excretory/secretory products of the 
trematode Echinostoma caproni. Parasit Vectors, 9, 185. 
CORTHESY, B. 2007. Roundtrip ticket for secretory IgA: role in mucosal homeostasis? J Immunol, 
178, 27-32. 
COTTON, J. A., BHARGAVA, A., FERRAZ, J. G., YATES, R. M., BECK, P. L. & BURET, A. G. 
2014. Giardia duodenalis cathepsin B proteases degrade intestinal epithelial interleukin-8 and 
attenuate interleukin-8-induced neutrophil chemotaxis. Infect Immun, 82, 2772-87. 
COULOMBE, R., GROCHULSKI, P., SIVARAMAN, J., MENARD, R., MORT, J. S. & CYGLER, 
M. 1996. Structure of human procathepsin L reveals the molecular basis of inhibition by the 
prosegment. EMBO J, 15, 5492-503. 
CHAPTER 6: REFERENCES   309 
CRAVATT, B. F., SIMON, G. M. & YATES, J. R., 3RD 2007. The biological impact of mass-
spectrometry-based proteomics. Nature, 450, 991-1000. 
CRONEMBERGER-ANDRADE, A., ARAGAO-FRANCA, L., DE ARAUJO, C. F., ROCHA, V. J., 
BORGES-SILVA MDA, C., FIGUEIRA, C. P., OLIVEIRA, P. R., DE FREITAS, L. A., 
VERAS, P. S. & PONTES-DE-CARVALHO, L. 2014. Extracellular vesicles from 
Leishmania-infected macrophages confer an anti-infection cytokine-production profile to 
naive macrophages. PLoS Negl Trop Dis, 8, e3161. 
CUERVO, P., CUPOLILLO, E., BRITTO, C., GONZALEZ, L. J., FC, E. S.-F., LOPES, L. C., 
DOMONT, G. B. & DE JESUS, J. B. 2008. Differential soluble protein expression between 
Trichomonas vaginalis isolates exhibiting low and high virulence phenotypes. J Proteomics, 
71, 109-22. 
CUERVO, P., DE JESUS, J. B., SABOIA-VAHIA, L., MENDONCA-LIMA, L., DOMONT, G. B. & 
CUPOLILLO, E. 2009. Proteomic characterization of the released/secreted proteins of 
Leishmania (Viannia) braziliensis promastigotes. J Proteomics, 73, 79-92. 
CWIKLINSKI, K., DE LA TORRE-ESCUDERO, E., TRELIS, M., BERNAL, D., DUFRESNE, P. J., 
BRENNAN, G. P., O'NEILL, S., TORT, J., PATERSON, S., MARCILLA, A., DALTON, J. 
P. & ROBINSON, M. W. 2015. The Extracellular Vesicles of the Helminth Pathogen, 
Fasciola hepatica: Biogenesis Pathways and Cargo Molecules Involved in Parasite 
Pathogenesis. Mol Cell Proteomics, 14, 3258-73. 
DALTON, J. P., BRINDLEY, P. J., DONNELLY, S. & ROBINSON, M. W. 2009. The enigmatic 
asparaginyl endopeptidase of helminth parasites. Trends Parasitol, 25, 59-61. 
DALY, R. & HEARN, M. T. 2005. Expression of heterologous proteins in Pichia pastoris: a useful 
experimental tool in protein engineering and production. J Mol Recognit, 18, 119-38. 
DARJI, A., BESCHIN, A., SILEGHEM, M., HEREMANS, H., BRYS, L. & DE BAETSELIER, P. 
1996. In vitro simulation of immunosuppression caused by Trypanosoma brucei: active 
involvement of gamma interferon and tumor necrosis factor in the pathway of suppression. 
Infect Immun, 64, 1937-43. 
DAS, S., HERTRICH, N., PERRIN, A. J., WITHERS-MARTINEZ, C., COLLINS, C. R., JONES, M. 
L., WATERMEYER, J. M., FOBES, E. T., MARTIN, S. R., SAIBIL, H. R., WRIGHT, G. J., 
TREECK, M., EPP, C. & BLACKMAN, M. J. 2015. Processing of Plasmodium falciparum 
Merozoite Surface Protein MSP1 Activates a Spectrin-Binding Function Enabling Parasite 
Egress from RBCs. Cell Host Microbe, 18, 433-44. 
DAVIDSON, G. S. B. R. F. D. 2006. Ronidazole in the treatment of trichomonad infections in cats. Int 
J Pharm Compd, 10, 434-5. 
DAVIS, P. H., CHEN, M., ZHANG, X., CLARK, C. G., TOWNSEND, R. R. & STANLEY, S. L., JR. 
2009. Proteomic comparison of Entamoeba histolytica and Entamoeba dispar and the role of 
E. histolytica alcohol dehydrogenase 3 in virulence. PLoS Negl Trop Dis, 3, e415. 
DAVIS, P. H., ZHANG, X., GUO, J., TOWNSEND, R. R. & STANLEY, S. L., JR. 2006. 
Comparative proteomic analysis of two Entamoeba histolytica strains with different virulence 
phenotypes identifies peroxiredoxin as an important component of amoebic virulence. Mol 
Microbiol, 61, 1523-32. 
DE ANDRADE ROSA, I., DE SOUZA, W. & BENCHIMOL, M. 2013. High-resolution scanning 
electron microscopy of the cytoskeleton of Tritrichomonas foetus. J Struct Biol, 183, 412-418. 
DE ANDRADE ROSA, I., DE SOUZA, W. & BENCHIMOL, M. 2015. Changes in the structural 
organization of the cytoskeleton of Tritrichomonas foetus during trophozoite-pseudocyst 
transformation. Micron, 73, 28-35. 
DE CARILI, G. A. & GUERRERO, J. 1977. Antigenic comparison between Tritrichomonas suis and 
T. foetus. II. Gel immunodiffusion. Revista latinoamericana de microbiologia, 18, 167-71. 
DE CARVALHO, T. B., DAVID, E. B., CORADI, S. T. & GUIMARAES, S. 2008. Protease activity 
in extracellular products secreted in vitro by trophozoites of Giardia duodenalis. Parasitology 
research, 104, 185-90. 
DE GRAAUW, M., HENSBERGEN, P. & VAN DE WATER, B. 2006. Phospho-proteomic analysis 
of cellular signaling. Electrophoresis, 27, 2676-86. 
CHAPTER 6: REFERENCES   310 
DE GROOT, P. W. & KLIS, F. M. 2008. The conserved PA14 domain of cell wall-associated fungal 
adhesins governs their glycan-binding specificity. Mol Microbiol, 68, 535-7. 
DE JESUS, J. B., CUERVO, P., BRITTO, C., SABOIA-VAHIA, L., COSTA, E. S.-F. F., BORGES-
VELOSO, A., BARREIROS PETROPOLIS, D., CUPOLILLO, E. & BARBOSA DOMONT, 
G. 2009. Cysteine peptidase expression in Trichomonas vaginalis isolates displaying high- 
and low-virulence phenotypes. J Proteome Res, 8, 1555-64. 
DE JESUS, J. B., FERREIRA, M. A., CUERVO, P., BRITTO, C., E SILVA-FILHO, F. C. & 
MEYER-FERNANDES, J. R. 2006. Iron modulates ecto-phosphohydrolase activities in 
pathogenic trichomonads. Parasitol Int, 55, 285-90. 
DE KONING-WARD, T. F., DIXON, M. W., TILLEY, L. & GILSON, P. R. 2016. Plasmodium 
species: master renovators of their host cells. Nat Rev Microbiol, 14, 494-507. 
DE KONING, A. P., BRINKMAN, F. S., JONES, S. J. & KEELING, P. J. 2000. Lateral gene transfer 
and metabolic adaptation in the human parasite Trichomonas vaginalis. Mol Biol Evol, 17, 
1769-73. 
DE MIGUEL, N., LUSTIG, G., TWU, O., CHATTOPADHYAY, A., WOHLSCHLEGEL, J. A. & 
JOHNSON, P. J. 2010. Proteome analysis of the surface of Trichomonas vaginalis reveals 
novel proteins and strain-dependent differential expression. Mol Cell Proteomics, 9, 1554-66. 
DEBRABANT, A., JOSHI, M. B., PIMENTA, P. F. & DWYER, D. M. 2004. Generation of 
Leishmania donovani axenic amastigotes: their growth and biological characteristics. Int J 
Parasitol, 34, 205-17. 
DELOM, F. & CHEVET, E. 2006. Phosphoprotein analysis: from proteins to proteomes. Proteome 
Sci, 4, 15. 
DEMES, P., GOMBOSOVA, A., VALENT, M., FABUSOVA, H. & JANOSKA, A. 1988a. Fewer 
Trichomonas vaginalis organisms in vaginas of infected women during menstruation. 
Genitourinary medicine, 64, 22-4. 
DEMES, P., GOMBOSOVA, A., VALENT, M., JANOSKA, A., FABUSOVA, H. & PETRENKO, 
M. 1988b. Differential susceptibility of fresh Trichomonas vaginalis isolates to complement in 
menstrual blood and cervical mucus. Genitourinary medicine, 64, 176-9. 
DESVAUX, M., HEBRAUD, M., TALON, R. & HENDERSON, I. R. 2009. Secretion and subcellular 
localizations of bacterial proteins: a semantic awareness issue. Trends in microbiology, 17, 
139-45. 
DEUTSCHER, A. T., JENKINS, C., MINION, F. C., SEYMOUR, L. M., PADULA, M. P., DIXON, 
N. E., WALKER, M. J. & DJORDJEVIC, S. P. 2010. Repeat regions R1 and R2 in the P97 
paralogue Mhp271 of Mycoplasma hyopneumoniae bind heparin, fibronectin and porcine cilia. 
Mol Microbiol, 78, 444-58. 
DEY, I. & CHADEE, K. 2008. Prostaglandin E2 produced by Entamoeba histolytica binds to EP4 
receptors and stimulates interleukin-8 production in human colonic cells. Infect Immun, 76, 
5158-63. 
DI GENOVA, B. M. & TONELLI, R. R. 2016. Infection Strategies of Intestinal Parasite Pathogens 
and Host Cell Responses. Front Microbiol, 7, 256. 
DIAMOND, L. S. & CLARK, C. G. 1993. A Redescription of Entamoeba Histolytica Schaudinn, 
1903 (Emended Walker, 1911) Separating It From Entamoeba Dispar Brumpt, 19251. Journal 
of Eukaryotic Microbiology, 40, 340-344. 
DIRKX, M., BOYER, M. P., PRADHAN, P., BRITTINGHAM, A. & WILSON, W. A. 2014. 
Expression and characterization of a beta-fructofuranosidase from the parasitic protist 
Trichomonas vaginalis. BMC Biochem, 15, 12. 
DIXON, B. R. 2016. Parasitic illnesses associated with the consumption of fresh produce — an 
emerging issue in developed countries. Current Opinion in Food Science, 8, 104-109. 
DOERIG, C., RAYNER, J. C., SCHERF, A. & TOBIN, A. B. 2015. Post-translational protein 
modifications in malaria parasites. Nat Rev Microbiol, 13, 160-72. 
DOI, J., HIROTA, J., MORITA, A., FUKUSHIMA, K., KAMIJYO, H., OHTA, H., YAMASAKI, M., 
TAKAHASHI, T., KATAKURA, K. & OKU, Y. 2012. Intestinal Tritrichomonas suis (=T. 
foetus) infection in Japanese cats. J Vet Med Sci, 74, 413-7. 
CHAPTER 6: REFERENCES   311 
DONELSON, J. E., HILL, K. L. & EL-SAYED, N. M. 1998. Multiple mechanisms of immune 
evasion by African trypanosomes. Molecular and biochemical parasitology, 91, 51-66. 
DONNELLY, S., DALTON, J. P. & ROBINSON, M. W. 2011. How pathogen-derived cysteine 
proteases modulate host immune responses. Advances in experimental medicine and biology, 
712, 192-207. 
DOUAM, F., GASKA, J. M., WINER, B. Y., DING, Q., VON SCHAEWEN, M. & PLOSS, A. 2015. 
Genetic Dissection of the Host Tropism of Human-Tropic Pathogens. Annu Rev Genet, 49, 21-
45. 
DOWLE, A. A., WILSON, J. & THOMAS, J. R. 2016. Comparing the Diagnostic Classification 
Accuracy of iTRAQ, Peak-Area, Spectral-Counting, and emPAI Methods for Relative 
Quantification in Expression Proteomics. J Proteome Res, 15, 3550-3562. 
DOYLE, P. S. & DWYER, D. M. 1993. Leishmania: immunochemical comparison of the secretory 
(extracellular) acid phosphatases from various species. Exp Parasitol, 77, 435-44. 
DRINKWATER, N., LEE, J., YANG, W., MALCOLM, T. R. & MCGOWAN, S. 2017. M1 
aminopeptidases as drug targets: broad applications or therapeutic niche? The FEBS Journal, 
n/a-n/a. 
DUBEY, J. P. 2009. History of the discovery of the life cycle of Toxoplasma gondii. Int J Parasitol, 
39, 877-82. 
DUBREMETZ, J. F. 2007. Rhoptries are major players in Toxoplasma gondii invasion and host cell 
interaction. Cell Microbiol, 9, 841-8. 
EATHIRAJ, S., PAN, X., RITACCO, C. & LAMBRIGHT, D. G. 2005. Structural basis of family-
wide Rab GTPase recognition by rabenosyn-5. Nature, 436, 415-9. 
EDMAN, U., MERAZ, M. A., RAUSSER, S., AGABIAN, N. & MEZA, I. 1990. Characterization of 
an immuno-dominant variable surface antigen from pathogenic and nonpathogenic Entamoeba 
histolytica. J Exp Med, 172, 879-88. 
EDMONDSON, M. A., JOINER, K. S., SPENCER, J. A., RIDDELL, K. P., RODNING, S. P., 
GARD, J. A. & GIVENS, M. D. 2017. Impact of a killed Tritrichomonas foetus vaccine on 
clearance of the organism and subsequent fertility of heifers following experimental 
inoculation. Theriogenology, 90, 245-251. 
EGAN, C. E., SUKHUMAVASI, W., BIERLY, A. L. & DENKERS, E. Y. 2008. Understanding the 
multiple functions of Gr-1(+) cell subpopulations during microbial infection. Immunol Res, 
40, 35-48. 
EINARSSON, E. & SVÄRD, S. G. 2015. Encystation of Giardia intestinalis—a Journey from the 
Duodenum to the Colon. Current Tropical Medicine Reports, 2, 101-109. 
ELLIOTT, D. A., MCINTOSH, M. T., HOSGOOD, H. D., 3RD, CHEN, S., ZHANG, G., 
BAEVOVA, P. & JOINER, K. A. 2008. Four distinct pathways of hemoglobin uptake in the 
malaria parasite Plasmodium falciparum. Proc Natl Acad Sci U S A, 105, 2463-8. 
ELLIS, J. E., YARLETT, N., COLE, D., HUMPHREYS, M. J. & LLOYD, D. 1994. Antioxidant 
defences in the microaerophilic protozoan Trichomonas vaginalis: comparison of 
metronidazole-resistant and sensitive strains. Microbiology, 140 ( Pt 9), 2489-94. 
ELLIS, S. L., SHAKARIAN, A. M. & DWYER, D. M. 1998. Leishmania: amastigotes synthesize 
conserved secretory acid phosphatases during human infection. Exp Parasitol, 89, 161-8. 
EMANUELSSON, O., BRUNAK, S., VON HEIJNE, G. & NIELSEN, H. 2007. Locating proteins in 
the cell using TargetP, SignalP and related tools. Nature protocols, 2, 953-71. 
EMERY, S. J., MIRZAEI, M., VUONG, D., PASCOVICI, D., CHICK, J. M., LACEY, E. & 
HAYNES, P. A. 2016. Induction of virulence factors in Giardia duodenalis independent of 
host attachment. Sci Rep, 6, 20765. 
EMERY, S. J., PASCOVI, D., LACEY, E. & HAYNES, P. A. 2015. The generation gap: Proteome 
changes and strain variation during encystation in Giardia duodenalis. Mol Biochem 
Parasitol, 201, 47-56. 
EMERY, S. J., VAN SLUYTER, S. & HAYNES, P. A. 2014. Proteomic analysis in Giardia 
duodenalis yields insights into strain virulence and antigenic variation. Proteomics, 14, 2523-
34. 
CHAPTER 6: REFERENCES   312 
EMES, R. D. & YANG, Z. 2008. Duplicated paralogous genes subject to positive selection in the 
genome of Trypanosoma brucei. PloS one, 3, e2295. 
ENGBRING, J. A. & ALDERETE, J. F. 1998. Three genes encode distinct AP33 proteins involved in 
Trichomonas vaginalis cytoadherence. Mol Microbiol, 28, 305-13. 
ENGBRING, J. A., O'BRIEN, J. L. & ALDERETE, J. F. 1996. Trichomonas vaginalis adhesin 
proteins display molecular mimicry to metabolic enzymes. Adv Exp Med Biol, 408, 207-23. 
ERSMARK, K., SAMUELSSON, B. & HALLBERG, A. 2006. Plasmepsins as potential targets for 
new antimalarial therapy. Medicinal Research Reviews 26, 626-66. 
ESCOBEDO, A. A., ALMIRALL, P., ROBERTSON, L. J., FRANCO, R. M., HANEVIK, K., 
MORCH, K. & CIMERMAN, S. 2010. Giardiasis: the ever-present threat of a neglected 
disease. Infectious disorders drug targets, 10, 329-48. 
EZKURDIA, I., JUAN, D., RODRIGUEZ, J. M., FRANKISH, A., DIEKHANS, M., HARROW, J., 
VAZQUEZ, J., VALENCIA, A. & TRESS, M. L. 2014. Multiple evidence strands suggest 
that there may be as few as 19 000 human protein-coding genes. Human Molecular Genetics, 
23, 5866-5878. 
FAIRLAMB, A. H., GOW, N. A., MATTHEWS, K. R. & WATERS, A. P. 2016. Drug resistance in 
eukaryotic microorganisms. Nat Microbiol, 1, 16092. 
FANG, Y. K., HUANG, K. Y., HUANG, P. J., LIN, R., CHAO, M. & TANG, P. 2015. Gene-
expression analysis of cold-stress response in the sexually transmitted protist Trichomonas 
vaginalis. J Microbiol Immunol Infect, 48, 662-75. 
FARLEY, A. R. & LINK, A. J. 2009. Identification and quantification of protein posttranslational 
modifications. Methods Enzymol, 463, 725-63. 
FARRELL, A., THIRUGNANAM, S., LORESTANI, A., DVORIN, J. D., EIDELL, K. P., 
FERGUSON, D. J., ANDERSON-WHITE, B. R., DURAISINGH, M. T., MARTH, G. T. & 
GUBBELS, M. J. 2012. A DOC2 protein identified by mutational profiling is essential for 
apicomplexan parasite exocytosis. Science, 335, 218-21. 
FENCHEL, T. 2013. Ecology of Protozoa: The biology of free-living phagotropic protists, Springer-
Verlag. 
FENTRESS, S. J. & SIBLEY, L. D. 2011. The secreted kinase ROP18 defends Toxoplasma's border. 
Bioessays, 33, 693-700. 
FERNANDEZ-ROBLEDO, J. A. & VASTA, G. R. 2010. Production of recombinant proteins from 
protozoan parasites. Trends Parasitol, 26, 244-54. 
FERREIRA, M. S., NISHIOKA SDE, A., SILVESTRE, M. T., BORGES, A. S., NUNES-ARAUJO, 
F. R. & ROCHA, A. 1997. Reactivation of Chagas' disease in patients with AIDS: report of 
three new cases and review of the literature. Clinical infectious diseases : an official 
publication of the Infectious Diseases Society of America, 25, 1397-400. 
FERREIRA, V., VALCK, C., SANCHEZ, G., GINGRAS, A., TZIMA, S., MOLINA, M. C., SIM, R., 
SCHWAEBLE, W. & FERREIRA, A. 2004. The classical activation pathway of the human 
complement system is specifically inhibited by calreticulin from Trypanosoma cruzi. J 
Immunol, 172, 3042-50. 
FEVRE, E. M., PICOZZI, K., JANNIN, J., WELBURN, S. C. & MAUDLIN, I. 2006. Human African 
trypanosomiasis: Epidemiology and control. Advances in parasitology, 61, 167-221. 
FIGUERA, L., ACOSTA, H., GOMEZ-ARREAZA, A., DAVILA-VERA, D., BALZA-QUINTERO, 
A., QUINONES, W., MENDOZA-BRICENO, R. V., CONCEPCION, J. L. & AVILAN, L. 
2013. Plasminogen binding proteins in secreted membrane vesicles of Leishmania mexicana. 
Mol Biochem Parasitol, 187, 14-20. 
FIGUEROA-ANGULO, E. E., RENDON-GANDARILLA, F. J., PUENTE-RIVERA, J., CALLA-
CHOQUE, J. S., CARDENAS-GUERRA, R. E., ORTEGA-LOPEZ, J., QUINTAS-
GRANADOS, L. I., ALVAREZ-SANCHEZ, M. E. & ARROYO, R. 2012. The effects of 
environmental factors on the virulence of Trichomonas vaginalis. Microbes and infection / 
Institut Pasteur, 14, 1411-27. 
FIORILLO, A., DI MARINO, D., BERTUCCINI, L., VIA, A., POZIO, E., CAMERINI, S., ILARI, A. 
& LALLE, M. 2014. The crystal structure of Giardia duodenalis 14-3-3 in the apo form: when 
protein post-translational modifications make the difference. PLoS One, 9, e92902. 
CHAPTER 6: REFERENCES   313 
FITZGERALD, P. R. 1986. Bovine trichomoniasis. Vet Clin North Am Food Anim Pract, 2, 277-82. 
FITZGERALD, P. R., JOHNSON, A. E., HAMMOND, D. M., THORNE, J. L. & HIBLER, C. P. 
1958a. Experimental infection of young pigs following intranasal inoculation with nasal, 
gastric, or cecal trichomonads from swine or with Trichomonas foetus. The Journal of 
parasitology, 44, 597-602. 
FITZGERALD, P. R., JOHNSON, A. E., THORNE, J. L. & HAMMOND, D. M. 1958b. 
Experimental infections of the bovine genital system with trichomonads from the digestive 
tracts of swine. American journal of veterinary research, 19, 775-9. 
FITZPATRICK, J. L. 2013. Global food security: the impact of veterinary parasites and 
parasitologists. Vet Parasitol, 195, 233-48. 
FIUZA, J. A., GANNAVARAM, S., SANTIAGO HDA, C., SELVAPANDIYAN, A., SOUZA, D. 
M., PASSOS, L. S., DE MENDONCA, L. Z., LEMOS-GIUNCHETTI DDA, S., RICCI, N. 
D., BARTHOLOMEU, D. C., GIUNCHETTI, R. C., BUENO, L. L., CORREA-OLIVEIRA, 
R., NAKHASI, H. L. & FUJIWARA, R. T. 2015. Vaccination using live attenuated 
Leishmania donovani centrin deleted parasites induces protection in dogs against Leishmania 
infantum. Vaccine, 33, 280-8. 
FLETCHER, S. M., STARK, D., HARKNESS, J. & ELLIS, J. 2012. Enteric protozoa in the 
developed world: a public health perspective. Clinical microbiology reviews, 25, 420-49. 
FONSECA-DE-SOUZA, A. L., DICK, C. F., DOS SANTOS, A. L., FONSECA, F. V. & MEYER-
FERNANDES, J. R. 2009. Trypanosoma rangeli: a possible role for ecto-phosphatase activity 
on cell proliferation. Exp Parasitol, 122, 242-6. 
FONSECA-DE-SOUZA, A. L., DICK, C. F., DOS SANTOS, A. L. & MEYER-FERNANDES, J. R. 
2008. A Mg(2+)-dependent ecto-phosphatase activity on the external surface of Trypanosoma 
rangeli modulated by exogenous inorganic phosphate. Acta Trop, 107, 153-8. 
FORSHELL, U. & OSTERMAN-LIND, E. 2010. Chronic diarrhoea caused by Tritrichomonas foetus 
in the cat. Svensk Veterinärtidning 62, 19–21. 
FOSTER, D. M., GOOKIN, J. L., POORE, M. F., STEBBINS, M. E. & LEVY, M. G. 2004. Outcome 
of cats with diarrhea and Tritrichomonas foetus infection. J Am Vet Med Assoc, 225, 888-92. 
FRANCO, J. R., SIMARRO, P. P., DIARRA, A. & JANNIN, J. G. 2014. Epidemiology of human 
African trypanosomiasis. Clinical epidemiology, 6, 257-75. 
FRANKLIN, T. J. & COOK, J. M. 1969. The inhibition of nucleic acid synthesis by mycophenolic 
acid. Biochem J, 113, 515-24. 
FRENKEL, D., ZHANG, F., GUIRNALDA, P., HAYNES, C., BOCKSTAL, V., RADWANSKA, M., 
MAGEZ, S. & BLACK, S. J. 2016. Trypanosoma brucei Co-opts NK Cells to Kill Splenic B2 
B Cells. PLoS Pathog, 12, e1005733. 
FREY, C. F., SCHILD, M., HEMPHILL, A., STUNZI, P., MULLER, N., GOTTSTEIN, B. & 
BURGENER, I. A. 2009. Intestinal Tritrichomonas foetus infection in cats in Switzerland 
detected by in vitro cultivation and PCR. Parasitol Res, 104, 783-8. 
FRIDOVICH, I. 1997. Superoxide anion radical (O2
-
.), superoxide dismutases, and related matters. J 
Biol Chem, 272, 18515-7. 
FUCHS, L. I., FORT, M. C., CANO, D., BONETTI, C. M., GIMENEZ, H. D., VAZQUEZ, P. M., 
BACIGALUPE, D., BRECCIA, J. D., CAMPERO, C. M. & OYHENART, J. A. 2017. 
Clearance of Tritrichomonas foetus in experimentally infected heifers protected with vaccines 
based on killed-T. foetus with different adjuvants. Vaccine, 35, 1341-1346. 
GABAY, T. & GINSBURG, H. 1993. Hemoglobin denaturation and iron release in acidified red blood 
cell lysate--a possible source of iron for intraerythrocytic malaria parasites. Exp Parasitol, 77, 
261-72. 
GAGNEUX, P. & VARKI, A. 1999. Evolutionary considerations in relating oligosaccharide diversity 
to biological function. Glycobiology, 9, 747-55. 
GARCIA-SILVA, M. R., DAS NEVES, R. F., CABRERA-CABRERA, F., SANGUINETTI, J., 
MEDEIROS, L. C., ROBELLO, C., NAYA, H., FERNANDEZ-CALERO, T., SOUTO-
PADRON, T., DE SOUZA, W. & CAYOTA, A. 2014. Extracellular vesicles shed by 
Trypanosoma cruzi are linked to small RNA pathways, life cycle regulation, and susceptibility 
to infection of mammalian cells. Parasitol Res, 113, 285-304. 
CHAPTER 6: REFERENCES   314 
GARCIA, A. F. & ALDERETE, J. 2007. Characterization of the Trichomonas vaginalis surface-
associated AP65 and binding domain interacting with trichomonads and host cells. BMC 
microbiology, 7, 116. 
GAUCI, V. J., PADULA, M. P. & COORSSEN, J. R. 2013. Coomassie blue staining for high 
sensitivity gel-based proteomics. Journal of proteomics. 
GAULT, J., FERBER, M., MACHATA, S., IMHAUS, A. F., MALOSSE, C., CHARLES-ORSZAG, 
A., MILLIEN, C., BOUVIER, G., BARDIAUX, B., PEHAU-ARNAUDET, G., KLINGE, K., 
PODGLAJEN, I., PLOY, M. C., SEIFERT, H. S., NILGES, M., CHAMOT-ROOKE, J. & 
DUMENIL, G. 2015. Neisseria meningitidis Type IV Pili Composed of Sequence Invariable 
Pilins Are Masked by Multisite Glycosylation. PLoS Pathog, 11, e1005162. 
GAULT, J., MALOSSE, C., MACHATA, S., MILLIEN, C., PODGLAJEN, I., PLOY, M.-C., 
COSTELLO, C. E., DUMÉNIL, G. & CHAMOT-ROOKE, J. 2014. Complete Post-
Translational Modification Mapping of Pathogenic N. meningitidis Pilins Requires Top-Down 
Mass Spectrometry. Proteomics, 14, 1141-1151. 
GAVIGAN, C. S., DALTON, J. P. & BELL, A. 2001. The role of aminopeptidases in haemoglobin 
degradation in Plasmodium falciparum-infected erythrocytes. Mol Biochem Parasitol, 117, 
37-48. 
GERLACH, J. Q., KILCOYNE, M. & JOSHI, L. 2014. Microarray evaluation of the effects of lectin 
and glycoprotein orientation and data filtering on glycoform discrimination. Analytical 
Methods, 6, 440-449. 
GILTNER, C. L., NGUYEN, Y. & BURROWS, L. L. 2012. Type IV pilin proteins: versatile 
molecular modules. Microbiol Mol Biol Rev, 76, 740-72. 
GINGER, M. L. 2006. Niche metabolism in parasitic protozoa. Philosophical transactions of the 
Royal Society of London. Series B, Biological sciences, 361, 101-18. 
GIRONES, N., CUERVO, H. & FRESNO, M. 2005. Trypanosoma cruzi-induced molecular mimicry 
and Chagas' disease. Current topics in microbiology and immunology, 296, 89-123. 
GLENISTER, F. K., COPPEL, R. L., COWMAN, A. F., MOHANDAS, N. & COOKE, B. M. 2002. 
Contribution of parasite proteins to altered mechanical properties of malaria-infected red 
blood cells. Blood, 99, 1060-3. 
GLOVER, L., HUTCHINSON, S., ALSFORD, S., MCCULLOCH, R., FIELD, M. C. & HORN, D. 
2013. Antigenic variation in African trypanosomes: the importance of chromosomal and 
nuclear context in VSG expression control. Cell Microbiol, 15, 1984-93. 
GOLDBERG, D. E. 2005. Hemoglobin degradation. Current topics in microbiology and immunology, 
295, 275-91. 
GOLDBERG, D. E. & SLATER, A. F. 1992. The pathway of hemoglobin degradation in malaria 
parasites. Parasitology today, 8, 280-3. 
GOLDBERG, D. E., SLATER, A. F., CERAMI, A. & HENDERSON, G. B. 1990. Hemoglobin 
degradation in the malaria parasite Plasmodium falciparum: an ordered process in a unique 
organelle. Proceedings of the National Academy of Sciences of the United States of America, 
87, 2931-5. 
GOMEZ-ARREAZA, A., ACOSTA, H., QUINONES, W., CONCEPCION, J. L., MICHELS, P. A. & 
AVILAN, L. 2014. Extracellular functions of glycolytic enzymes of parasites: unpredicted use 
of ancient proteins. Mol Biochem Parasitol, 193, 75-81. 
GONZALEZ, J. 2000. Phosphorylation in eukaryotic cells. Role of phosphatases and kinases in the 
biology, pathogenesis and control of intracellular and bloodstream protozoa. Rev Med Chil, 
128, 1150-60. 
GOOKIN, J. L., BIRKENHEUER, A. J., BREITSCHWERDT, E. B. & LEVY, M. G. 2002. Single-
tube nested PCR for detection of Tritrichomonas foetus in feline feces. Journal of clinical 
microbiology, 40, 4126-30. 
GOOKIN, J. L., BREITSCHWERDT, E. B., LEVY, M. G., GAGER, R. B. & BENRUD, J. G. 1999a. 
Diarrhea associated with trichomonosis in cats. J Am Vet Med Assoc, 215, 1450-4. 
GOOKIN, J. L., COPPLE, C. N., PAPICH, M. G., POORE, M. F., STAUFFER, S. H., 
BIRKENHEUER, A. J., TWEDT, D. C. & LEVY, M. G. 2006. Efficacy of ronidazole for 
CHAPTER 6: REFERENCES   315 
treatment of feline Tritrichomonas foetus infection. Journal of veterinary internal medicine / 
American College of Veterinary Internal Medicine, 20, 536-43. 
GOOKIN, J. L., HANRAHAN, K. & LEVY, M. G. 2017. The conundrum of feline Trichomonosis. J 
Feline Med Surg, 19, 261-274. 
GOOKIN, J. L., LEVY, M. G., LAW, J. M., PAPICH, M. G., POORE, M. F. & BREITSCHWERDT, 
E. B. 2001. Experimental infection of cats with Tritrichomonas foetus. Am J Vet Res, 62, 
1690-7. 
GOOKIN, J. L., RIVIERE, J. E., GILGER, B. C. & PAPICH, M. G. 1999b. Acute renal failure in four 
cats treated with paromomycin. Journal of the American Veterinary Medical Association, 215, 
1821-3, 1806. 
GOOKIN, J. L., STAUFFER, S. H., COCCARO, M. R., POORE, M. F., LEVY, M. G. & PAPICH, 
M. G. 2007. Efficacy of tinidazole for treatment of cats experimentally infected with 
Tritrichomonas foetus. American journal of veterinary research, 68, 1085-8. 
GOOKIN, J. L., STAUFFER, S. H., DYBAS, D. & CANNON, D. H. 2010. Documentation of in vivo 
and in vitro aerobic resistance of feline Tritrichomonas foetus isolates to ronidazole. Journal 
of veterinary internal medicine / American College of Veterinary Internal Medicine, 24, 1003-
7. 
GOOKIN, J. L., STEBBINS, M. E., HUNT, E., BURLONE, K., FULTON, M., HOCHEL, R., 
TALAAT, M., POORE, M. & LEVY, M. G. 2004. Prevalence of and risk factors for feline 
Tritrichomonas foetus and giardia infection. Journal of clinical microbiology, 42, 2707-10. 
GOTTLIEB, M. & DWYER, D. M. 1981. Protozoan parasite of humans: surface membrane with 
externally disposed acid phosphatase. Science, 212, 939-41. 
GRANGER, B. L., WARWOOD, S. J., BENCHIMOL, M. & DE SOUZA, W. 2000. Transient 
invagination of flagella by Tritrichomonas foetus. Parasitology research, 86, 699-709. 
GRANGER, B. L., WARWOOD, S. J., HAYAI, N., HAYASHI, H. & OWHASHI, M. 1997. 
Identification of a neutrophil chemotactic factor from Tritrichomonas foetus as superoxide 
dismutase. Mol Biochem Parasitol, 89, 85-95. 
GREBAUT, P., CHUCHANA, P., BRIZARD, J. P., DEMETTRE, E., SEVENO, M., BOSSARD, G., 
JOUIN, P., VINCENDEAU, P., BENGALY, Z., BOULANGE, A., CUNY, G. & 
HOLZMULLER, P. 2009. Identification of total and differentially expressed excreted-secreted 
proteins from Trypanosoma congolense strains exhibiting different virulence and 
pathogenicity. Int J Parasitol, 39, 1137-50. 
GREEN, J. L., REES-CHANNER, R. R., HOWELL, S. A., MARTIN, S. R., KNUEPFER, E., 
TAYLOR, H. M., GRAINGER, M. & HOLDER, A. A. 2008. The motor complex of 
Plasmodium falciparum: phosphorylation by a calcium-dependent protein kinase. J Biol 
Chem, 283, 30980-9. 
GREGORICH, Z. R. & GE, Y. 2014. Top-down proteomics in health and disease: challenges and 
opportunities. Proteomics, 14, 1195-210. 
GROEN, A. J. & LILLEY, K. S. 2010. Proteomics of total membranes and subcellular membranes. 
Expert Rev Proteomics, 7, 867-78. 
GUNN-MOORE, D. A., MCCANN, T. M., REED, N., SIMPSON, K. E. & TENNANT, B. 2007. 
Prevalence of Tritrichomonas foetus infection in cats with diarrhoea in the UK. J Feline Med 
Surg, 9, 214-8. 
GUPTA, S. K., SISODIA, B. S., SINHA, S., HAJELA, K., NAIK, S., SHASANY, A. K. & DUBE, A. 
2007. Proteomic approach for identification and characterization of novel immunostimulatory 
proteins from soluble antigens of Leishmania donovani promastigotes. Proteomics, 7, 816-23. 
GYGI, S. P., CORTHALS, G. L., ZHANG, Y., ROCHON, Y. & AEBERSOLD, R. 2000. Evaluation 
of two-dimensional gel electrophoresis-based proteome analysis technology. Proceedings of 
the National Academy of Sciences of the United States of America, 97, 9390-5. 
GYGI, S. P., ROCHON, Y., FRANZA, B. R. & AEBERSOLD, R. 1999. Correlation between protein 
and mRNA abundance in yeast. Mol Cell Biol, 19, 1720-30. 
HAIDER, S. & PAL, R. 2013. Integrated analysis of transcriptomic and proteomic data. Curr 
Genomics, 14, 91-110. 
CHAPTER 6: REFERENCES   316 
HALE, S., NORRIS, J. M. & SLAPETA, J. 2009. Prolonged resilience of Tritrichomonas foetus in cat 
faeces at ambient temperature. Veterinary parasitology, 166, 60-5. 
HALL, A. 1994. Small GTP-binding proteins and the regulation of the actin cytoskeleton. Annu Rev 
Cell Biol, 10, 31-54. 
HALLIEZ, M. C. & BURET, A. G. 2013. Extra-intestinal and long term consequences of Giardia 
duodenalis infections. World J Gastroenterol, 19, 8974-85. 
HAMMOND, D. M. & LEIDL, W. 1957. Experimental infections of the genital tract of swine and 
goats with Trichomonas foetus and Trichomonas species from the cecum or feces of swine. 
American journal of veterinary research, 18, 461-5. 
HANADATE, Y., SAITO-NAKANO, Y., NAKADA-TSUKUI, K. & NOZAKI, T. 2016. 
Endoplasmic reticulum-resident Rab8A GTPase is involved in phagocytosis in the protozoan 
parasite Entamoeba histolytica. Cellular Microbiology, 18, 1358-1373. 
HARP, D. F. & CHOWDHURY, I. 2011. Trichomoniasis: evaluation to execution. Eur J Obstet 
Gynecol Reprod Biol, 157, 3-9. 
HART, C., SCHULENBERG, B., STEINBERG, T. H., LEUNG, W. Y. & PATTON, W. F. 2003. 
Detection of glycoproteins in polyacrylamide gels and on electroblots using Pro-Q Emerald 
488 dye, a fluorescent periodate Schiff-base stain. Electrophoresis, 24, 588-98. 
HARTLOVA, A., KROCOVA, Z., CERVENY, L. & STULIK, J. 2011. A proteomic view of the host-
pathogen interaction: The host perspective. Proteomics, 11, 3212-20. 
HEINE, P. & MCGREGOR, J. A. 1993. Trichomonas vaginalis: a reemerging pathogen. Clinical 
obstetrics and gynecology, 36, 137-44. 
HENSINGER, T. 2009 Trichomonas foetus. A pathogen responsible for diarrhoea in cats. Weterynaria 
w Praktyce 6, 80–81. 
HERNANDEZ-GUTIERREZ, R., AVILA-GONZALEZ, L., ORTEGA-LOPEZ, J., CRUZ-
TALONIA, F., GOMEZ-GUTIERREZ, G. & ARROYO, R. 2004. Trichomonas vaginalis: 
characterization of a 39-kDa cysteine proteinase found in patient vaginal secretions. Exp 
Parasitol, 107, 125-35. 
HERNANDEZ-ROMANO, P., HERNANDEZ, R., ARROYO, R., ALDERETE, J. F. & LOPEZ-
VILLASENOR, I. 2010. Identification and characterization of a surface-associated, subtilisin-
like serine protease in Trichomonas vaginalis. Parasitology, 137, 1621-35. 
HERR, S., RIBEIRO, L. M., CLAASSEN, E. & MYBURGH, J. G. 1991. A reduction in the duration 
of infection with Tritrichomonas foetus following vaccination in heifers and the failure to 
demonstrate a curative effect in infected bulls. The Onderstepoort journal of veterinary 
research, 58, 41-5. 
HEWITSON, J. P., GRAINGER, J. R. & MAIZELS, R. M. 2009. Helminth immunoregulation: the 
role of parasite secreted proteins in modulating host immunity. Mol Biochem Parasitol, 167, 
1-11. 
HIBLER, C. P., HAMMOND, D. M., CASKEY, F. H., JOHNSON, A. E. & FITZGERALD, P. R. 
1960. The Morphology and Incidence of the Trichomonads of Swine, Tritrichomonas suis 
(Gruby & Delafond), Tritrichomonas rotunda, n. sp. and Trichomonas buttreyi, n.sp.*. The 
Journal of protozoology, 7, 159-171. 
HICKS, S. J., THEODOROPOULOS, G., CARRINGTON, S. D. & CORFIELD, A. P. 2000. The role 
of mucins in host-parasite interactions. Part I-protozoan parasites. Parasitol Today, 16, 476-
81. 
HILLER, N. L., BHATTACHARJEE, S., VAN OOIJ, C., LIOLIOS, K., HARRISON, T., LOPEZ-
ESTRANO, C. & HALDAR, K. 2004. A host-targeting signal in virulence proteins reveals a 
secretome in malarial infection. Science, 306, 1934-7. 
HIRT, R. P., DE MIGUEL, N., NAKJANG, S., DESSI, D., LIU, Y. C., DIAZ, N., RAPPELLI, P., 
ACOSTA-SERRANO, A., FIORI, P. L. & MOTTRAM, J. C. 2011. Trichomonas vaginalis 
pathobiology new insights from the genome sequence. Adv Parasitol, 77, 87-140. 
HIRT, R. P., NOEL, C. J., SICHERITZ-PONTEN, T., TACHEZY, J. & FIORI, P. L. 2007. 
Trichomonas vaginalis surface proteins: a view from the genome. Trends in parasitology, 23, 
540-7. 
CHAPTER 6: REFERENCES   317 
HODGSON, J. L., JONES, D. W., WIDDERS, P. R. & CORBEIL, L. B. 1990. Characterization of 
Tritrichomonas foetus antigens by use of monoclonal antibodies. Infect Immun, 58, 3078-83. 
HOLLIDAY, M., DENI, D. & GUNN-MOORE, D. A. 2009. Tritrichomonas foetus infection in cats 
with diarrhoea in a rescue colony in Italy. J Feline Med Surg, 11, 131-4. 
HONIGBERG, B. M. & KING, V. M. 1964. Structure of Trichomonas vaginalis Donn'e. The Journal 
of parasitology, 50, 345-64. 
HOPKINS, A. L. & GROOM, C. R. 2002. The druggable genome. Nat Rev Drug Discov, 1, 727-30. 
HOSEIN, A., KRUTH, S. A., PEARL, D. L., RICHARDSON, D., MAGGS, J. C., PEACH, H. A. & 
PEREGRINE, A. S. 2013. Isolation of Tritrichomonas foetus from cats sampled at a cat clinic, 
cat shows and a humane society in southern Ontario. J Feline Med Surg, 15, 706-11. 
HRDY, I., MERTENS, E. & VAN SCHAFTINGEN, E. 1993. Identification, purification and 
separation of different isozymes of NADP-specific malic enzyme from Tritrichomonas foetus. 
Mol Biochem Parasitol, 57, 253-60. 
HSU, H. M., CHU, C. H., WANG, Y. T., LEE, Y., WEI, S. Y., LIU, H. W., ONG, S. J., CHEN, C. & 
TAI, J. H. 2014. Regulation of nuclear translocation of the Myb1 transcription factor by 
TvCyclophilin 1 in the protozoan parasite Trichomonas vaginalis. J Biol Chem, 289, 19120-
36. 
HUANG, K. Y., CHEN, Y. Y., FANG, Y. K., CHENG, W. H., CHENG, C. C., CHEN, Y. C., WU, T. 
E., KU, F. M., CHEN, S. C., LIN, R. & TANG, P. 2014. Adaptive responses to glucose 
restriction enhance cell survival, antioxidant capability, and autophagy of the protozoan 
parasite Trichomonas vaginalis. Biochimica et biophysica acta, 1840, 53-64. 
HUANG, K. Y., HUANG, P. J., KU, F. M., LIN, R., ALDERETE, J. F. & TANG, P. 2012. 
Comparative transcriptomic and proteomic analyses of Trichomonas vaginalis following 
adherence to fibronectin. Infect Immun, 80, 3900-11. 
HUANG, K. Y., SHIN, J. W., HUANG, P. J., KU, F. M., LIN, W. C., LIN, R., HSU, W. M. & TANG, 
P. 2013. Functional profiling of the Tritrichomonas foetus transcriptome and proteome. 
Molecular and biochemical parasitology, 187, 60-71. 
HUBERTS, D. H. & VAN DER KLEI, I. J. 2010. Moonlighting proteins: an intriguing mode of 
multitasking. Biochim Biophys Acta, 1803, 520-5. 
HUDSON, D. B., BALL, L., CHENEY, J. M., MORTIMER, R. G., BOWEN, R. A., MARSH, D. J. & 
PEETZ, R. H. 1993. Testing of trichomoniasis vaccine in heifers mated to infected bulls. 
Theriogenology, 39, 937-43. 
HUFFMAN, R. D., NAWROCKI, L. D., WILSON, W. A. & BRITTINGHAM, A. 2015. Digestion of 
glycogen by a glucosidase released by Trichomonas vaginalis. Exp Parasitol, 159, 151-9. 
HUNTER, T. 1995. Protein kinases and phosphatases: the yin and yang of protein phosphorylation 
and signaling. Cell, 80, 225-36. 
HUSTON, C. D., BOETTNER, D. R., MILLER-SIMS, V. & PETRI, W. A., JR. 2003. Apoptotic 
killing and phagocytosis of host cells by the parasite Entamoeba histolytica. Infect Immun, 71, 
964-72. 
IBANEZ-ESCRIBANO, A., NOGAL-RUIZ, J. J., PEREZ-SERRANO, J., GOMEZ-BARRIO, A., 
ESCARIO, J. A. & ALDERETE, J. F. 2015. Sequestration of host-CD59 as potential immune 
evasion strategy of Trichomonas vaginalis. Acta Trop, 149, 1-7. 
ILG, T., HARBECKE, D. & OVERATH, P. 1993. The lysosomal gp63-related protein in Leishmania 
mexicana amastigotes is a soluble metalloproteinase with an acidic pH optimum. FEBS Lett, 
327, 103-7. 
IRVINE, J. W., COOMBS, G. H. & NORTH, M. J. 1992. Cystatin-like cysteine proteinase inhibitors 
of parasitic protozoa. FEMS Microbiol Lett, 75, 67-72. 
ISMAEL, A. B., SEKKAI, D., COLLIN, C., BOUT, D. & MEVELEC, M. N. 2003. The MIC3 gene 
of Toxoplasma gondii is a novel potent vaccine candidate against toxoplasmosis. Infect 
Immun, 71, 6222-8. 
IWASAKI, A. & MEDZHITOV, R. 2015. Control of adaptive immunity by the innate immune 
system. Nat Immunol, 16, 343-53. 
JACOBS, D. I., VAN RIJSSEN, M. S., VAN DER HEIJDEN, R. & VERPOORTE, R. 2001. 
Sequential solubilization of proteins precipitated with trichloroacetic acid in acetone from 
CHAPTER 6: REFERENCES   318 
cultured Catharanthus roseus cells yields 52% more spots after two-dimensional 
electrophoresis. Proteomics, 1, 1345-50. 
JACOBS, T., BRUCHHAUS, I., DANDEKAR, T., TANNICH, E. & LEIPPE, M. 1998. Isolation and 
molecular characterization of a surface-bound proteinase of Entamoeba histolytica. Mol 
Microbiol, 27, 269-76. 
JAMES, P. 1997. Protein identification in the post-genome era: the rapid rise of proteomics. Quarterly 
reviews of biophysics, 30, 279-331. 
JEFFERY, C. J. 1999. Moonlighting proteins. Trends Biochem Sci, 24, 8-11. 
JENSEN, O. N. 2004. Modification-specific proteomics: characterization of post-translational 
modifications by mass spectrometry. Curr Opin Chem Biol, 8, 33-41. 
JENSEN, P. H., KOLARICH, D. & PACKER, N. H. 2010. Mucin-type O-glycosylation-putting the 
pieces together. FEBS J, 277, 81-94. 
JESUS, J. B., VANNIER-SANTOS, M. A., BRITTO, C., GODEFROY, P., SILVA-FILHO, F. C., 
PINHEIRO, A. A., ROCHA-AZEVEDO, B., LOPES, A. H. & MEYER-FERNANDES, J. R. 
2004. Trichomonas vaginalis virulence against epithelial cells and morphological variability: 
the comparison between a well-established strain and a fresh isolate. Parasitol Res, 93, 369-
77. 
JEWETT, T. J. & SIBLEY, L. D. 2003. Aldolase forms a bridge between cell surface adhesins and the 
actin cytoskeleton in apicomplexan parasites. Mol Cell, 11, 885-94. 
JIANG, I., TSAI, C. K., CHEN, S. C., WANG, S. H., AMIRASLANOV, I., CHANG, C. F., WU, W. 
J., TAI, J. H., LIAW, Y. C. & HUANG, T. H. 2011. Molecular basis of the recognition of the 
ap65-1 gene transcription promoter elements by a Myb protein from the protozoan parasite 
Trichomonas vaginalis. Nucleic Acids Res, 39, 8992-9008. 
JIBORN, T., ABRAHAMSON, M., WALLIN, H., MALM, J., LUNDWALL, A., GADALEANU, V., 
ABRAHAMSSON, P. A. & BJARTELL, A. 2004. Cystatin C is highly expressed in the 
human male reproductive system. J Androl, 25, 564-72. 
JOHANSSON, M. E. & HANSSON, G. C. 2016. Immunological aspects of intestinal mucus and 
mucins. Nature Reviews. Immunology, 16, 639-49. 
JOHNSON, P. J., LAHTI, C. J. & BRADLEY, P. J. 1993. Biogenesis of the hydrogenosome in the 
anaerobic protist Trichomonas vaginalis. J Parasitol, 79, 664-70. 
JONES, P., BINNS, D., CHANG, H. Y., FRASER, M., LI, W., MCANULLA, C., MCWILLIAM, H., 
MASLEN, J., MITCHELL, A., NUKA, G., PESSEAT, S., QUINN, A. F., SANGRADOR-
VEGAS, A., SCHEREMETJEW, M., YONG, S. Y., LOPEZ, R. & HUNTER, S. 2014. 
InterProScan 5: genome-scale protein function classification. Bioinformatics, 30, 1236-40. 
JONGENEEL, C. V. 2000. Searching the expressed sequence tag (EST) databases: panning for genes. 
Brief Bioinform, 1, 76-92. 
JOSHI, P. B., KELLY, B. L., KAMHAWI, S., SACKS, D. L. & MCMASTER, W. R. 2002. Targeted 
gene deletion in Leishmania major identifies leishmanolysin (GP63) as a virulence factor. Mol 
Biochem Parasitol, 120, 33-40. 
JOYCE, B. R., QUEENER, S. F., WEK, R. C. & SULLIVAN, W. J., JR. 2010. Phosphorylation of 
eukaryotic initiation factor-2 alpha promotes the extracellular survival of obligate intracellular 
parasite Toxoplasma gondii. Proc Natl Acad Sci U S A, 107, 17200-5. 
JUNGBLUT, P. R. 2001. Proteome analysis of bacterial pathogens. Microbes and infection / Institut 
Pasteur, 3, 831-40. 
KABSCH, W. & VANDEKERCKHOVE, J. 1992. Structure and function of actin. Annu Rev Biophys 
Biomol Struct, 21, 49-76. 
KAFLE, A., PUCHADAPIROM, P., PLUMWORASAWAT, S., DONTUMPRAI, R., CHAN-ON, 
W., BUATES, S., LAHA, T., SRIPA, B. & SUTTIPRAPA, S. 2016. Identification and 
characterization of protein 14-3-3 in carcinogenic liver fluke Opisthorchis viverrini. Parasitol 
Int. 
KALL, L., KROGH, A. & SONNHAMMER, E. L. 2007. Advantages of combined transmembrane 
topology and signal peptide prediction-the Phobius web server. Nucleic Acids Res, 35, W429-
32. 
CHAPTER 6: REFERENCES   319 
KANG, J. H., SONG, H. O., RYU, J. S., SHIN, M. H., KIM, J. M., CHO, Y. S., ALDERETE, J. F., 
AHN, M. H. & MIN, D. Y. 2006. Trichomonas vaginalis promotes apoptosis of human 
neutrophils by activating caspase-3 and reducing Mcl-1 expression. Parasite Immunol, 28, 
439-46. 
KATAKURA, K. & KOBAYASHI, A. 1988. Acid phosphatase activity of virulent and avirulent 
clones of Leishmania donovani promastigotes. Infect Immun, 56, 2856-60. 
KATHER, E. J., MARKS, S. L. & KASS, P. H. 2007. Determination of the in vitro susceptibility of 
feline Tritrichomonas foetus to 5 antimicrobial agents. Journal of veterinary internal medicine 
/ American College of Veterinary Internal Medicine, 21, 966-70. 
KELLIE, J. F., CATHERMAN, A. D., DURBIN, K. R., TRAN, J. C., TIPTON, J. D., NORRIS, J. L., 
WITKOWSKI, C. E., 2ND, THOMAS, P. M. & KELLEHER, N. L. 2012. Robust analysis of 
the yeast proteome under 50 kDa by molecular-mass-based fractionation and top-down mass 
spectrometry. Anal Chem, 84, 209-15. 
KERR, W. 1958. Experiments in cattle with Trichomonas suis. Vet. Rec, 70, 613-615. 
KINGSBURY, D. D., MARKS, S. L., CAVE, N. J. & GRAHN, R. A. 2010. Identification of 
Tritrichomonas foetus and Giardia spp. infection in pedigree show cats in New Zealand. N Z 
Vet J, 58, 6-10. 
KIRBY, H. 1951. Observations on the trichomonad flagellate of the reproductive organs of cattle. The 
Journal of parasitology, 37, 445-459. 
KIRK, M. D., PIRES, S. M., BLACK, R. E., CAIPO, M., CRUMP, J. A., DEVLEESSCHAUWER, 
B., DOPFER, D., FAZIL, A., FISCHER-WALKER, C. L., HALD, T., HALL, A. J., KEDDY, 
K. H., LAKE, R. J., LANATA, C. F., TORGERSON, P. R., HAVELAAR, A. H. & 
ANGULO, F. J. 2015a. Correction: World Health Organization Estimates of the Global and 
Regional Disease Burden of 22 Foodborne Bacterial, Protozoal, and Viral Diseases, 2010: A 
Data Synthesis. PLoS medicine, 12, e1001940. 
KIRK, M. D., PIRES, S. M., BLACK, R. E., CAIPO, M., CRUMP, J. A., DEVLEESSCHAUWER, 
B., DOPFER, D., FAZIL, A., FISCHER-WALKER, C. L., HALD, T., HALL, A. J., KEDDY, 
K. H., LAKE, R. J., LANATA, C. F., TORGERSON, P. R., HAVELAAR, A. H. & 
ANGULO, F. J. 2015b. World Health Organization Estimates of the Global and Regional 
Disease Burden of 22 Foodborne Bacterial, Protozoal, and Viral Diseases, 2010: A Data 
Synthesis. PLoS medicine, 12, e1001921. 
KIRKCALDY, R. D., AUGOSTINI, P., ASBEL, L. E., BERNSTEIN, K. T., KERANI, R. P., 
METTENBRINK, C. J., PATHELA, P., SCHWEBKE, J. R., SECOR, W. E., WORKOWSKI, 
K. A., DAVIS, D., BRAXTON, J. & WEINSTOCK, H. S. 2012. Trichomonas vaginalis 
antimicrobial drug resistance in 6 US cities, STD Surveillance Network, 2009-2010. Emerg 
Infect Dis, 18, 939-43. 
KISSINGER, P., SCHMIDT, N., MOHAMMED, H., LEICHLITER, J. S., GIFT, T. L., MEADORS, 
B., SANDERS, C. & FARLEY, T. A. 2006. Patient-delivered partner treatment for 
Trichomonas vaginalis infection: a randomized controlled trial. Sex Transm Dis, 33, 445-50. 
KLEMBA, M. & GOLDBERG, D. E. 2002. Biological roles of proteases in parasitic protozoa. Annu 
Rev Biochem, 71, 275-305. 
KLEMENT, E. & MEDZIHRADSZKY, K. F. 2017. Extracellular Protein Phosphorylation, the 
Neglected Side of the Modification. Mol Cell Proteomics, 16, 1-7. 
KLEYDMAN, Y., YARLETT, N. & GORRELL, T. E. 2004. Production of ammonia by 
Tritrichomonas foetus and Trichomonas vaginalis. Microbiology, 150, 1139-1145. 
KOBATA, A. 1992. Structures and functions of the sugar chains of glycoproteins. Eur J Biochem, 
209, 483-501. 
KOH, W. H., GEURDEN, T., PAGET, T., O'HANDLEY, R., STEUART, R. F., THOMPSON, R. C. 
& BURET, A. G. 2013. Giardia duodenalis assemblage-specific induction of apoptosis and 
tight junction disruption in human intestinal epithelial cells: effects of mixed infections. J 
Parasitol, 99, 353-8. 
KOK, M. & PECHERE, J. C. 2010. Nature and pathogenicity of micro-organisms. In: COHEN, J., 
POWDERLY, W. G. & OPAL, S. (eds.) Cohen & Powderly: Infectious Diseases. 3rd ed. New 
York: Mosby Elsevier. 
CHAPTER 6: REFERENCES   320 
KRISHAN, A. 1975. Rapid flow cytofluorometric analysis of mammalian cell cycle by propidium 
iodide staining. J Cell Biol, 66, 188-93. 
KRUGLIAK, M., ZHANG, J. & GINSBURG, H. 2002. Intraerythrocytic Plasmodium falciparum 
utilizes only a fraction of the amino acids derived from the digestion of host cell cytosol for 
the biosynthesis of its proteins. Mol Biochem Parasitol, 119, 249-56. 
KUBOTA, K., KOSAKA, T. & ICHIKAWA, K. 2005. Combination of two-dimensional 
electrophoresis and shotgun peptide sequencing in comparative proteomics. J Chromatogr B 
Analyt Technol Biomed Life Sci, 815, 3-9. 
KUCKNOOR, A. S., MUNDODI, V. & ALDERETE, J. 2009. Genetic identity and differential gene 
expression between Trichomonas vaginalis and Trichomonas tenax. BMC Microbiol, 9, 58. 
KUCKNOOR, A. S., MUNDODI, V. & ALDERETE, J. F. 2005a. Adherence to human vaginal 
epithelial cells signals for increased expression of Trichomonas vaginalis genes. Infect Immun, 
73, 6472-8. 
KUCKNOOR, A. S., MUNDODI, V. & ALDERETE, J. F. 2005b. Heterologous expression in 
Tritrichomonas foetus of functional Trichomonas vaginalis AP65 adhesin. BMC Mol Biol, 6, 
5. 
KUCKNOOR, A. S., MUNDODI, V. & ALDERETE, J. F. 2007. The proteins secreted by 
Trichomonas vaginalis and vaginal epithelial cell response to secreted and episomally 
expressed AP65. Cell Microbiol, 9, 2586-97. 
KULDA, J. 1999. Trichomonads, hydrogenosomes and drug resistance. Int J Parasitol, 29, 199-212. 
KULDA, J., POISLOVA, M., SUCHAN, P. & TACHEZY, J. 1999. Iron enhancement of experimental 
infection of mice by Tritrichomonas foetus. Parasitology research, 85, 692-9. 
KULKARNI, M. M., OLSON, C. L., ENGMAN, D. M. & MCGWIRE, B. S. 2009. Trypanosoma 
cruzi GP63 proteins undergo stage-specific differential posttranslational modification and are 
important for host cell infection. Infect Immun, 77, 2193-200. 
KUMAR, D., BANSAL, G., NARANG, A., BASAK, T., ABBAS, T. & DASH, D. 2016. Integrating 
transcriptome and proteome profiling: Strategies and applications. Proteomics, 16, 2533-2544. 
KUSDIAN, G. & GOULD, S. B. 2014. The biology of Trichomonas vaginalis in the light of 
urogenital tract infection. Mol Biochem Parasitol, 198, 92-9. 
KUSDIAN, G., WOEHLE, C., MARTIN, W. F. & GOULD, S. B. 2013. The actin-based machinery of 
Trichomonas vaginalis mediates flagellate-amoeboid transition and migration across host 
tissue. Cell Microbiol, 15, 1707-21. 
KUTUZOV, M. A. & ANDREEVA, A. V. 2008. Protein Ser/Thr phosphatases of parasitic protozoa. 
Mol Biochem Parasitol, 161, 81-90. 
LABBE, M., PEROVAL, M., BOURDIEU, C., GIRARD-MISGUICH, F. & PERY, P. 2006. Eimeria 
tenella enolase and pyruvate kinase: a likely role in glycolysis and in others functions. Int J 
Parasitol, 36, 1443-52. 
LAGAL, V., BINDER, E. M., HUYNH, M. H., KAFSACK, B. F., HARRIS, P. K., DIEZ, R., CHEN, 
D., COLE, R. N., CARRUTHERS, V. B. & KIM, K. 2010. Toxoplasma gondii protease 
TgSUB1 is required for cell surface processing of micronemal adhesive complexes and 
efficient adhesion of tachyzoites. Cell Microbiol, 12, 1792-808. 
LAI, Z. W., NICE, E. C. & SCHILLING, O. 2013. Glycocapture-based proteomics for secretome 
analysis. Proteomics, 13, 512-25. 
LALLE, M., BAVASSANO, C., FRATINI, F., CECCHETTI, S., BOISGUERIN, P., CRESCENZI, 
M. & POZIO, E. 2010. Involvement of 14-3-3 protein post-translational modifications in 
Giardia duodenalis encystation. Int J Parasitol, 40, 201-13. 
LALLE, M., CURRA, C., CICCARONE, F., PACE, T., CECCHETTI, S., FANTOZZI, L., AY, B., 
BRETON, C. B. & PONZI, M. 2011. Dematin, a component of the erythrocyte membrane 
skeleton, is internalized by the malaria parasite and associates with Plasmodium 14-3-3. J Biol 
Chem, 286, 1227-36. 
LAMA, A., KUCKNOOR, A., MUNDODI, V. & ALDERETE, J. F. 2009. Glyceraldehyde-3-
phosphate dehydrogenase is a surface-associated, fibronectin-binding protein of Trichomonas 
vaginalis. Infection and immunity, 77, 2703-11. 
CHAPTER 6: REFERENCES   321 
LAMM, M. E. 1998. Current concepts in mucosal immunity. IV. How epithelial transport of IgA 
antibodies relates to host defense. Am J Physiol, 274, G614-7. 
LANDER, E. S., LINTON, L. M., BIRREN, B., NUSBAUM, C., ZODY, M. C., BALDWIN, J., 
DEVON, K., DEWAR, K., DOYLE, M., FITZHUGH, W., FUNKE, R., GAGE, D., HARRIS, 
K., HEAFORD, A., HOWLAND, J., KANN, L., LEHOCZKY, J., LEVINE, R., MCEWAN, 
P., MCKERNAN, K., MELDRIM, J., MESIROV, J. P., MIRANDA, C., MORRIS, W., 
NAYLOR, J., RAYMOND, C., ROSETTI, M., SANTOS, R., SHERIDAN, A., SOUGNEZ, 
C., STANGE-THOMANN, Y., STOJANOVIC, N., SUBRAMANIAN, A., WYMAN, D., 
ROGERS, J., SULSTON, J., AINSCOUGH, R., BECK, S., BENTLEY, D., BURTON, J., 
CLEE, C., CARTER, N., COULSON, A., DEADMAN, R., DELOUKAS, P., DUNHAM, A., 
DUNHAM, I., DURBIN, R., FRENCH, L., GRAFHAM, D., GREGORY, S., HUBBARD, T., 
HUMPHRAY, S., HUNT, A., JONES, M., LLOYD, C., MCMURRAY, A., MATTHEWS, L., 
MERCER, S., MILNE, S., MULLIKIN, J. C., MUNGALL, A., PLUMB, R., ROSS, M., 
SHOWNKEEN, R., SIMS, S., WATERSTON, R. H., WILSON, R. K., HILLIER, L. W., 
MCPHERSON, J. D., MARRA, M. A., MARDIS, E. R., FULTON, L. A., CHINWALLA, A. 
T., PEPIN, K. H., GISH, W. R., CHISSOE, S. L., WENDL, M. C., DELEHAUNTY, K. D., 
MINER, T. L., DELEHAUNTY, A., KRAMER, J. B., COOK, L. L., FULTON, R. S., 
JOHNSON, D. L., MINX, P. J., CLIFTON, S. W., HAWKINS, T., BRANSCOMB, E., 
PREDKI, P., RICHARDSON, P., WENNING, S., SLEZAK, T., DOGGETT, N., CHENG, J. 
F., OLSEN, A., LUCAS, S., ELKIN, C., UBERBACHER, E., FRAZIER, M., et al. 2001. 
Initial sequencing and analysis of the human genome. Nature, 409, 860-921. 
LANDFEAR, S. M. 2011. Nutrient transport and pathogenesis in selected parasitic protozoa. 
Eukaryotic cell, 10, 483-93. 
LAU, Y. L. & FONG, M. Y. 2008. Toxoplasma gondii: serological characterization and 
immunogenicity of recombinant surface antigen 2 (SAG2) expressed in the yeast Pichia 
pastoris. Exp Parasitol, 119, 373-8. 
LAUWAET, T., DAVIDS, B. J., REINER, D. S. & GILLIN, F. D. 2007. Encystation of Giardia 
lamblia: a model for other parasites. Current opinion in microbiology, 10, 554-9. 
LEE, B. Y., BACON, K. M., BOTTAZZI, M. E. & HOTEZ, P. J. 2013. Global economic burden of 
Chagas disease: a computational simulation model. The Lancet. Infectious diseases, 13, 342-8. 
LEHKER, M. W. & SWEENEY, D. 1999. Trichomonad invasion of the mucous layer requires 
adhesins, mucinases, and motility. Sex Transm Infect, 75, 231-8. 
LEITSCH, D. 2016. Recent Advances in the Trichomonas vaginalis Field. F1000Res, 5. 
LEITSCH, D., DRINIC, M., KOLARICH, D. & DUCHENE, M. 2012. Down-regulation of flavin 
reductase and alcohol dehydrogenase-1 (ADH1) in metronidazole-resistant isolates of 
Trichomonas vaginalis. Mol Biochem Parasitol, 183, 177-83. 
LEITSCH, D., JANSSEN, B. D., KOLARICH, D., JOHNSON, P. J. & DUCHENE, M. 2014. 
Trichomonas vaginalis flavin reductase 1 and its role in metronidazole resistance. Mol 
Microbiol, 91, 198-208. 
LELONG, C. & RABILLOUD, T. 2015. Preparing protein extracts for quantitative two-dimensional 
gel comparison. Curr Protoc Protein Sci, 80, 22 4 1-12. 
LENARCIC, B., KRASOVEC, M., RITONJA, A., OLAFSSON, I. & TURK, V. 1991. Inactivation of 
human cystatin C and kininogen by human cathepsin D. FEBS Lett, 280, 211-5. 
LEON-FELIX, J., ORTEGA-LOPEZ, J., OROZCO-SOLIS, R. & ARROYO, R. 2004. Two novel 
asparaginyl endopeptidase-like cysteine proteinases from the protist Trichomonas vaginalis: 
their evolutionary relationship within the clan CD cysteine proteinases. Gene, 335, 25-35. 
LEVY, M. G., GOOKIN, J. L., POORE, M., BIRKENHEUER, A. J., DYKSTRA, M. J. & LITAKER, 
R. W. 2003. Tritrichomonas foetus and not Pentatrichomonas hominis is the etiologic agent of 
feline trichomonal diarrhea. J Parasitol, 89, 99-104. 
LEWIS, A. L. & LEWIS, W. G. 2012. Host sialoglycans and bacterial sialidases: a mucosal 
perspective. Cell Microbiol, 14, 1174-82. 
LI, Q., LEIJA, C., RIJO-FERREIRA, F., CHEN, J., CESTARI, I., STUART, K., TU, B. P. & 
PHILLIPS, M. A. 2015. GMP synthase is essential for viability and infectivity of 
CHAPTER 6: REFERENCES   322 
Trypanosoma brucei despite a redundant purine salvage pathway. Mol Microbiol, 97, 1006-
20. 
LI, Z., WANG, Y., YAO, Q., JUSTICE, N. B., AHN, T. H., XU, D., HETTICH, R. L., BANFIELD, J. 
F. & PAN, C. 2014. Diverse and divergent protein post-translational modifications in two 
growth stages of a natural microbial community. Nat Commun, 5, 4405. 
LIANG, W. & DEUTSCHER, M. P. 2012. Transfer-messenger RNA-SmpB protein regulates 
ribonuclease R turnover by promoting binding of HslUV and Lon proteases. The Journal of 
biological chemistry, 287, 33472-9. 
LIGNELID, H. & JACOBSSON, B. 1992. Cystatin C in the human pancreas and gut: an 
immunohistochemical study of normal and neoplastic tissues. Virchows Arch A Pathol Anat 
Histopathol, 421, 491-5. 
LILLEY, K. S., RAZZAQ, A. & DUPREE, P. 2002. Two-dimensional gel electrophoresis: recent 
advances in sample preparation, detection and quantitation. Current opinion in chemical 
biology, 6, 46-50. 
LIM, S., PARK, S. I., AHN, K. S., OH, D. S., RYU, J. S. & SHIN, S. S. 2010. First report of feline 
intestinal trichomoniasis caused by Tritrichomonas foetus in Korea. Korean J Parasitol, 48, 
247-51. 
LIM, S., PARK, S. I., AHN, K. S., OH, D. S. & SHIN, S. S. 2012. Efficacy of ronidazole for treatment 
of cats experimentally infected with a Korean isolate of Tritrichomonas foetus. The Korean 
journal of parasitology, 50, 161-4. 
LIN, C. S., UBOLDI, A. D., MARAPANA, D., CZABOTAR, P. E., EPP, C., BUJARD, H., 
TAYLOR, N. L., PERUGINI, M. A., HODDER, A. N. & COWMAN, A. F. 2014. The 
merozoite surface protein 1 complex is a platform for binding to human erythrocytes by 
Plasmodium falciparum. J Biol Chem, 289, 25655-69. 
LINDBLOM, G. P. 1961. Carbohydrate Metabolism of Trichomonads: Growth, Respiration, and 
Enzyme Activity in Four Species*. The Journal of Protozoology, 8, 139-150. 
LINDEN, S. K., SUTTON, P., KARLSSON, N. G., KOROLIK, V. & MCGUCKIN, M. A. 2008. 
Mucins in the mucosal barrier to infection. Mucosal Immunol, 1, 183-97. 
LINDMARK, D. G., ECKENRODE, B. L., HALBERG, L. A. & DINBERGS, I. D. 1989. 
Carbohydrate, energy and hydrogenosomal metabolism of Tritrichomonas foetus and 
Trichomonas vaginalis. J Protozool, 36, 214-6. 
LINDMARK, D. G. & MULLER, M. 1973. Hydrogenosome, a cytoplasmic organelle of the anaerobic 
flagellate Tritrichomonas foetus, and its role in pyruvate metabolism. J Biol Chem, 248, 7724-
8. 
LINDMARK, D. G. & MULLER, M. 1974. Superoxide dismutase in the anaerobic flagellates, 
Tritrichomonas foetus and Monocercomonas sp. J Biol Chem, 249, 4634-7. 
LINSTEAD, D. J. & BRADLEY, S. 1988. The purification and properties of two soluble reduced 
nicotinamide: acceptor oxidoreductases from Trichomonas vaginalis. Mol Biochem Parasitol, 
27, 125-33. 
LIPMAN, N. S., LAMPEN, N. & NGUYEN, H. T. 1999. Identification of pseudocysts of 
Tritrichomonas muris in Armenian hamsters and their transmission to mice. Lab Anim Sci, 49, 
313-5. 
LISOWSKA, E. 2002. The role of glycosylation in protein antigenic properties. Cell Mol Life Sci, 59, 
445-55. 
LIST, E. O., BERRYMAN, D. E., BOWER, B., SACKMANN-SALA, L., GOSNEY, E., DING, J., 
OKADA, S. & KOPCHICK, J. J. 2008. The use of proteomics to study infectious diseases. 
Infect Disord Drug Targets, 8, 31-45. 
LIU, J., ISTVAN, E. S., GLUZMAN, I. Y., GROSS, J. & GOLDBERG, D. E. 2006. Plasmodium 
falciparum ensures its amino acid supply with multiple acquisition pathways and redundant 
proteolytic enzyme systems. Proceedings of the National Academy of Sciences of the United 
States of America, 103, 8840-5. 
LOCKWOOD, B. C., NORTH, M. J. & COOMBS, G. H. 1984. Trichomonas vaginalis, 
Tritrichomonas foetus, and Trichomitus batrachorum: comparative proteolytic activity. Exp 
Parasitol, 58, 245-53. 
CHAPTER 6: REFERENCES   323 
LOCKWOOD, B. C., NORTH, M. J. & COOMBS, G. H. 1988. The release of hydrolases from 
Trichomonas vaginalis and Tritrichomonas foetus. Mol Biochem Parasitol, 30, 135-42. 
LORENZATTO, K. R., MONTEIRO, K. M., PAREDES, R., PALUDO, G. P., DA FONSECA, M. 
M., GALANTI, N., ZAHA, A. & FERREIRA, H. B. 2012. Fructose-bisphosphate aldolase 
and enolase from Echinococcus granulosus: genes, expression patterns and protein 
interactions of two potential moonlighting proteins. Gene, 506, 76-84. 
LORIA, P., MILLER, S., FOLEY, M. & TILLEY, L. 1999. Inhibition of the peroxidative degradation 
of haem as the basis of action of chloroquine and other quinoline antimalarials. Biochem J, 
339 ( Pt 2), 363-70. 
LOTTER, H., GONZALEZ-ROLDAN, N., LINDNER, B., WINAU, F., ISIBASI, A., MORENO-
LAFONT, M., ULMER, A. J., HOLST, O., TANNICH, E. & JACOBS, T. 2009. Natural 
killer T cells activated by a lipopeptidophosphoglycan from Entamoeba histolytica are 
critically important to control amebic liver abscess. PLoS Pathog, 5, e1000434. 
LOZANO, R., NAGHAVI, M., FOREMAN, K., LIM, S., SHIBUYA, K., ABOYANS, V., 
ABRAHAM, J., ADAIR, T., AGGARWAL, R., AHN, S. Y., ALVARADO, M., 
ANDERSON, H. R., ANDERSON, L. M., ANDREWS, K. G., ATKINSON, C., BADDOUR, 
L. M., BARKER-COLLO, S., BARTELS, D. H., BELL, M. L., BENJAMIN, E. J., 
BENNETT, D., BHALLA, K., BIKBOV, B., BIN ABDULHAK, A., BIRBECK, G., BLYTH, 
F., BOLLIGER, I., BOUFOUS, S., BUCELLO, C., BURCH, M., BURNEY, P., 
CARAPETIS, J., CHEN, H., CHOU, D., CHUGH, S. S., COFFENG, L. E., COLAN, S. D., 
COLQUHOUN, S., COLSON, K. E., CONDON, J., CONNOR, M. D., COOPER, L. T., 
CORRIERE, M., CORTINOVIS, M., DE VACCARO, K. C., COUSER, W., COWIE, B. C., 
CRIQUI, M. H., CROSS, M., DABHADKAR, K. C., DAHODWALA, N., DE LEO, D., 
DEGENHARDT, L., DELOSSANTOS, A., DENENBERG, J., DES JARLAIS, D. C., 
DHARMARATNE, S. D., DORSEY, E. R., DRISCOLL, T., DUBER, H., EBEL, B., ERWIN, 
P. J., ESPINDOLA, P., EZZATI, M., FEIGIN, V., FLAXMAN, A. D., FOROUZANFAR, M. 
H., FOWKES, F. G., FRANKLIN, R., FRANSEN, M., FREEMAN, M. K., GABRIEL, S. E., 
GAKIDOU, E., GASPARI, F., GILLUM, R. F., GONZALEZ-MEDINA, D., HALASA, Y. 
A., HARING, D., HARRISON, J. E., HAVMOELLER, R., HAY, R. J., HOEN, B., HOTEZ, 
P. J., HOY, D., JACOBSEN, K. H., JAMES, S. L., JASRASARIA, R., JAYARAMAN, S., 
JOHNS, N., KARTHIKEYAN, G., KASSEBAUM, N., KEREN, A., KHOO, J. P., 
KNOWLTON, L. M., KOBUSINGYE, O., KORANTENG, A., KRISHNAMURTHI, R., 
LIPNICK, M., LIPSHULTZ, S. E., OHNO, S. L., et al. 2012. Global and regional mortality 
from 235 causes of death for 20 age groups in 1990 and 2010: a systematic analysis for the 
Global Burden of Disease Study 2010. Lancet, 380, 2095-128. 
LU, J. & HOLMGREN, A. 2014. The thioredoxin antioxidant system. Free Radic Biol Med, 66, 75-
87. 
LUBBERT, C. & SCHNEITLER, S. 2016. Parasitic and infectious diseases of the biliary tract in 
migrants and international travelers. Expert Rev Gastroenterol Hepatol, 10, 1211-1225. 
LUCAS, J. J., HAYES, G. R., KALSI, H. K., GILBERT, R. O., CHOE, Y., CRAIK, C. S. & SINGH, 
B. N. 2008. Characterization of a cysteine protease from Tritrichomonas foetus that induces 
host-cell apoptosis. Archives of biochemistry and biophysics, 477, 239-43. 
LUK, F. C., JOHNSON, T. M. & BECKERS, C. J. 2008. N-linked glycosylation of proteins in the 
protozoan parasite Toxoplasma gondii. Mol Biochem Parasitol, 157, 169-78. 
LUN, Z. R., CHEN, X. G., ZHU, X. Q., LI, X. R. & XIE, M. Q. 2005. Are Tritrichomonas foetus and 
Tritrichomonas suis synonyms? Trends in parasitology, 21, 122-5. 
MA, L., MENG, Q., CHENG, W., SUNG, Y., TANG, P., HU, S. & YU, J. 2011. Involvement of the 
GP63 protease in infection of Trichomonas vaginalis. Parasitology research, 109, 71-9. 
MACPHERSON, A. J., MCCOY, K. D., JOHANSEN, F. E. & BRANDTZAEG, P. 2008. The 
immune geography of IgA induction and function. Mucosal Immunol, 1, 11-22. 
MAGDELDIN, S., ENANY, S., YOSHIDA, Y., XU, B., ZHANG, Y., ZUREENA, Z., LOKAMANI, 
I., YAOITA, E. & YAMAMOTO, T. 2014. Basics and recent advances of two dimensional- 
polyacrylamide gel electrophoresis. Clin Proteomics, 11, 16. 
CHAPTER 6: REFERENCES   324 
MAIER, T., GUELL, M. & SERRANO, L. 2009. Correlation of mRNA and protein in complex 
biological samples. FEBS Lett, 583, 3966-73. 
MAKIOKA, A., KUMAGAI, M., OHTOMO, H., KOBAYASHI, S. & TAKEUCHI, T. 2001. Effect 
of calcium antagonists, calcium channel blockers and calmodulin inhibitors on the growth and 
encystation of Entamoeba histolytica and E. invadens. Parasitol Res, 87, 833-7. 
MALLINSON, D. J., LIVINGSTONE, J., APPLETON, K. M., LEES, S. J., COOMBS, G. H. & 
NORTH, M. J. 1995. Multiple cysteine proteinases of the pathogenic protozoon 
Tritrichomonas foetus: identification of seven diverse and differentially expressed genes. 
Microbiology, 141 ( Pt 12), 3077-85. 
MALLINSON, D. J., LOCKWOOD, B. C., COOMBS, G. H. & NORTH, M. J. 1994. Identification 
and molecular cloning of four cysteine proteinase genes from the pathogenic protozoon 
Trichomonas vaginalis. Microbiology, 140 ( Pt 10), 2725-35. 
MANTEL, P. Y. & MARTI, M. 2014. The role of extracellular vesicles in Plasmodium and other 
protozoan parasites. Cell Microbiol, 16, 344-54. 
MANTIS, N. J. & FORBES, S. J. 2010. Secretory IgA: arresting microbial pathogens at epithelial 
borders. Immunol Invest, 39, 383-406. 
MANZA, L. L., STAMER, S. L., HAM, A. J., CODREANU, S. G. & LIEBLER, D. C. 2005. Sample 
preparation and digestion for proteomic analyses using spin filters. Proteomics, 5, 1742-5. 
MARCOS, L. A. & GOTUZZO, E. 2013. Intestinal protozoan infections in the immunocompromised 
host. Curr Opin Infect Dis, 26, 295-301. 
MARDELL, E. J. & SPARKES, A. H. 2006. Chronic diarrhoea associated with Tritrichomonas foetus 
infection in a British cat. Vet Rec, 158, 765-6. 
MARIE, C. & PETRI, W. A., JR. 2014. Regulation of virulence of Entamoeba histolytica. Annu Rev 
Microbiol, 68, 493-520. 
MARINO, K., BONES, J., KATTLA, J. J. & RUDD, P. M. 2010. A systematic approach to protein 
glycosylation analysis: a path through the maze. Nat Chem Biol, 6, 713-23. 
MARION, S. & GUILLEN, N. 2006. Genomic and proteomic approaches highlight phagocytosis of 
living and apoptotic human cells by the parasite Entamoeba histolytica. Int J Parasitol, 36, 
131-9. 
MARQUAY MARKIEWICZ, J., SYAN, S., HON, C. C., WEBER, C., FAUST, D. & GUILLEN, N. 
2011. A proteomic and cellular analysis of uropods in the pathogen Entamoeba histolytica. 
PLoS Negl Trop Dis, 5, e1002. 
MARSOLIER, J., PERICHON, M., DEBARRY, J. D., VILLOUTREIX, B. O., CHLUBA, J., LOPEZ, 
T., GARRIDO, C., ZHOU, X. Z., LU, K. P., FRITSCH, L., AIT-SI-ALI, S., MHADHBI, M., 
MEDJKANE, S. & WEITZMAN, J. B. 2015. Theileria parasites secrete a prolyl isomerase to 
maintain host leukocyte transformation. Nature, 520, 378-82. 
MARTINEZ-GARCIA, F., REGADERA, J., MAYER, R., SANCHEZ, S. & NISTAL, M. 1996. 
Protozoan infections in the male genital tract. J Urol, 156, 340-9. 
MARX, V. 2013. Targeted proteomics. Nat Methods, 10, 19-22. 
MATRANGOLO, F. S., LIARTE, D. B., ANDRADE, L. C., DE MELO, M. F., ANDRADE, J. M., 
FERREIRA, R. F., SANTIAGO, A. S., PIROVANI, C. P., SILVA-PEREIRA, R. A. & 
MURTA, S. M. 2013. Comparative proteomic analysis of antimony-resistant and -susceptible 
Leishmania braziliensis and Leishmania infantum chagasi lines. Molecular and biochemical 
parasitology, 190, 63-75. 
MATTOS, E. C., SCHUMACHER, R. I., COLLI, W. & ALVES, M. J. 2012. Adhesion of 
Trypanosoma cruzi trypomastigotes to fibronectin or laminin modifies tubulin and 
paraflagellar rod protein phosphorylation. PLoS One, 7, e46767. 
MCALLISTER, M. M. 2014. Successful vaccines for naturally occurring protozoal diseases of 
animals should guide human vaccine research. A review of protozoal vaccines and their 
designs. Parasitology, 141, 624-40. 
MCCORMACK, A. L., SCHIELTZ, D. M., GOODE, B., YANG, S., BARNES, G., DRUBIN, D. & 
YATES, J. R., 3RD 1997. Direct analysis and identification of proteins in mixtures by 
LC/MS/MS and database searching at the low-femtomole level. Analytical chemistry, 69, 767-
76. 
CHAPTER 6: REFERENCES   325 
MCCULLOCH, R. & FIELD, M. C. 2015. Quantitative sequencing confirms VSG diversity as central 
to immune evasion by Trypanosoma brucei. Trends Parasitol, 31, 346-9. 
MCGOVERN, K. E. & WILSON, E. H. 2013. Role of Chemokines and Trafficking of Immune Cells 
in Parasitic Infections. Curr Immunol Rev, 9, 157-168. 
MCGRORY, T. & GARBER, G. E. 1992. Mouse intravaginal infection with Trichomonas vaginalis 
and role of Lactobacillus acidophilus in sustaining infection. Infect Immun, 60, 2375-9. 
MCGUCKIN, M. A., LINDEN, S. K., SUTTON, P. & FLORIN, T. H. 2011. Mucin dynamics and 
enteric pathogens. Nat Rev Microbiol, 9, 265-78. 
MCKERROW, J. H., SUN, E., ROSENTHAL, P. J. & BOUVIER, J. 1993. The proteases and 
pathogenicity of parasitic protozoa. Annual review of microbiology, 47, 821-53. 
MCLAUGHLIN, J. & MULLER, M. 1979. Purification and characterization of a low molecular 
weight thiol proteinase from the flagellate protozoon Tritrichomonas foetus. The Journal of 
biological chemistry, 254, 1526-33. 
MENARD, D. & DONDORP, A. 2017. Antimalarial Drug Resistance: A Threat to Malaria 
Elimination. Cold Spring Harb Perspect Med. 
MENARD, R., CARMONA, E., TAKEBE, S., DUFOUR, E., PLOUFFE, C., MASON, P. & MORT, 
J. S. 1998. Autocatalytic processing of recombinant human procathepsin L. Contribution of 
both intermolecular and unimolecular events in the processing of procathepsin L in vitro. J 
Biol Chem, 273, 4478-84. 
MENDOZA-IBARRA, J. A., PEDRAZA-DIAZ, S., GARCIA-PENA, F. J., ROJO-MONTEJO, S., 
RUIZ-SANTA-QUITERIA, J. A., SAN MIGUEL-IBANEZ, E., NAVARRO-LOZANO, V., 
ORTEGA-MORA, L. M., OSORO, K. & COLLANTES-FERNANDEZ, E. 2012. High 
prevalence of Tritrichomonas foetus infection in Asturiana de la Montana beef cattle kept in 
extensive conditions in Northern Spain. Vet J, 193, 146-51. 
MENDOZA-LOPEZ, M. R., BECERRIL-GARCIA, C., FATTEL-FACENDA, L. V., AVILA-
GONZALEZ, L., RUIZ-TACHIQUIN, M. E., ORTEGA-LOPEZ, J. & ARROYO, R. 2000. 
CP30, a cysteine proteinase involved in Trichomonas vaginalis cytoadherence. Infection and 
immunity, 68, 4907-12. 
MERCER, F., DIALA, F. G., CHEN, Y. P., MOLGORA, B. M., NG, S. H. & JOHNSON, P. J. 2016. 
Leukocyte Lysis and Cytokine Induction by the Human Sexually Transmitted Parasite 
Trichomonas vaginalis. PLoS Negl Trop Dis, 10, e0004913. 
MERTENS, E. 1993. ATP versus pyrophosphate: glycolysis revisited in parasitic protists. Parasitol 
Today, 9, 122-6. 
MERTENS, E., VAN SCHAFTINGEN, E. & MULLER, M. 1992. Pyruvate kinase from Trichomonas 
vaginalis, an allosteric enzyme stimulated by ribose 5-phosphate and glycerate 3-phosphate. 
Mol Biochem Parasitol, 54, 13-20. 
MESTECKY, J., MOLDOVEANU, Z. & RUSSELL, M. W. 2005. Immunologic uniqueness of the 
genital tract: challenge for vaccine development. American journal of reproductive 
immunology, 53, 208-14. 
MÉTHOT, P.-O. & ALIZON, S. 2014. What is a pathogen? Toward a process view of host-parasite 
interactions. Virulence, 5, 775-785. 
MEYER, D., SCHNEIDER-FRESENIUS, C., HORLACHER, R., PEIST, R. & BOOS, W. 1997. 
Molecular characterization of glucokinase from Escherichia coli K-12. J Bacteriol, 179, 1298-
306. 
MEZA-CERVANTEZ, P., GONZALEZ-ROBLES, A., CARDENAS-GUERRA, R. E., ORTEGA-
LOPEZ, J., SAAVEDRA, E., PINEDA, E. & ARROYO, R. 2011. Pyruvate:ferredoxin 
oxidoreductase (PFO) is a surface-associated cell-binding protein in Trichomonas vaginalis 
and is involved in trichomonal adherence to host cells. Microbiology, 157, 3469-82. 
MICHI, A. N., FAVETTO, P. H., KASTELIC, J. & COBO, E. R. 2016. A review of sexually 
transmitted bovine trichomoniasis and campylobacteriosis affecting cattle reproductive health. 
Theriogenology, 85, 781-91. 
MIDLEJ, V., VILELA, R., DIAS, A. B. & BENCHIMOL, M. 2009. Cytopathic effects of 
Tritrichomonas foetus on bovine oviduct cells. Vet Parasitol, 165, 216-30. 
CHAPTER 6: REFERENCES   326 
MILLARES, P., LACOURSE, E. J., PERALLY, S., WARD, D. A., PRESCOTT, M. C., 
HODGKINSON, J. E., BROPHY, P. M. & REES, H. H. 2012. Proteomic profiling and 
protein identification by MALDI-TOF mass spectrometry in unsequenced parasitic 
nematodes. PLoS One, 7, e33590. 
MILLER, A. F. 2012. Superoxide dismutases: ancient enzymes and new insights. FEBS Lett, 586, 
585-95. 
MIN, D. Y., HYUN, K. H., RYU, J. S., AHN, M. H. & CHO, M. H. 1998. Degradations of human 
immunoglobulins and hemoglobin by a 60 kDa cysteine proteinase of Trichomonas vaginalis. 
Korean J Parasitol, 36, 261-8. 
MIRANDA-OZUNA, J. F., HERNANDEZ-GARCIA, M. S., BRIEBA, L. G., BENITEZ-CARDOZA, 
C. G., ORTEGA-LOPEZ, J., GONZALEZ-ROBLES, A. & ARROYO, R. 2016. The 
Glycolytic Enzyme Triosephosphate Isomerase of Trichomonas vaginalis Is a Surface-
Associated Protein Induced by Glucose That Functions as a Laminin- and Fibronectin-Binding 
Protein. Infect Immun, 84, 2878-94. 
MIRO, G., HERNANDEZ, L., MONTOYA, A., ARRANZ-SOLIS, D., DADO, D., ROJO-
MONTEJO, S., MENDOZA-IBARRA, J. A., ORTEGA-MORA, L. M. & PEDRAZA-DIAZ, 
S. 2011. First description of naturally acquired Tritrichomonas foetus infection in a Persian 
cattery in Spain. Parasitol Res, 109, 1151-4. 
MITRA, B. N., SAITO-NAKANO, Y., NAKADA-TSUKUI, K., SATO, D. & NOZAKI, T. 2007. 
Rab11B small GTPase regulates secretion of cysteine proteases in the enteric protozoan 
parasite Entamoeba histolytica. Cell Microbiol, 9, 2112-25. 
MOLESTINA, R. E. & SINAI, A. P. 2005. Detection of a novel parasite kinase activity at the 
Toxoplasma gondii parasitophorous vacuole membrane capable of phosphorylating host 
IkappaBalpha. Cell Microbiol, 7, 351-62. 
MONTANER, S., GALIANO, A., TRELIS, M., MARTIN-JAULAR, L., DEL PORTILLO, H. A., 
BERNAL, D. & MARCILLA, A. 2014. The Role of Extracellular Vesicles in Modulating the 
Host Immune Response during Parasitic Infections. Front Immunol, 5, 433. 
MOODLEY, P., WILKINSON, D., CONNOLLY, C., MOODLEY, J. & STURM, A. W. 2002. 
Trichomonas vaginalis is associated with pelvic inflammatory disease in women infected with 
human immunodeficiency virus. Clinical infectious diseases : an official publication of the 
Infectious Diseases Society of America, 34, 519-22. 
MOREIRA, D., SANTAREM, N., LOUREIRO, I., TAVARES, J., SILVA, A. M., AMORIM, A. M., 
OUAISSI, A., CORDEIRO-DA-SILVA, A. & SILVESTRE, R. 2012. Impact of continuous 
axenic cultivation in Leishmania infantum virulence. PLoS Negl Trop Dis, 6, e1469. 
MORENO-BRITO, V., YANEZ-GOMEZ, C., MEZA-CERVANTEZ, P., AVILA-GONZALEZ, L., 
RODRIGUEZ, M. A., ORTEGA-LOPEZ, J., GONZALEZ-ROBLES, A. & ARROYO, R. 
2005. A Trichomonas vaginalis 120 kDa protein with identity to hydrogenosome 
pyruvate:ferredoxin oxidoreductase is a surface adhesin induced by iron. Cellular 
microbiology, 7, 245-58. 
MORENO, S. N., MASON, R. P. & DOCAMPO, R. 1984. Distinct reduction of nitrofurans and 
metronidazole to free radical metabolites by Tritrichomonas foetus hydrogenosomal and 
cytosolic enzymes. The Journal of biological chemistry, 259, 8252-9. 
MORIN-ADELINE, V., FRASER, S. T., STACK, C. & SLAPETA, J. 2015a. Host origin determines 
pH tolerance of Tritrichomonas foetus isolates from the feline gastrointestinal and bovine 
urogenital tracts. Exp Parasitol, 157, 68-77. 
MORIN-ADELINE, V., LOMAS, R., O'MEALLY, D., STACK, C., CONESA, A. & SLAPETA, J. 
2014. Comparative transcriptomics reveals striking similarities between the bovine and feline 
isolates of Tritrichomonas foetus: consequences for in silico drug-target identification. BMC 
Genomics, 15, 955. 
MORIN-ADELINE, V., MUELLER, K., CONESA, A. & SLAPETA, J. 2015b. Comparative RNA-
seq analysis of the Tritrichomonas foetus PIG30/1 isolate from pigs reveals close association 
with Tritrichomonas foetus BP-4 isolate 'bovine genotype'. Vet Parasitol, 212, 111-7. 
MORTIMER, L. & CHADEE, K. 2010. The immunopathogenesis of Entamoeba histolytica. 
Experimental parasitology, 126, 366-80. 
CHAPTER 6: REFERENCES   327 
MOWEN, K. A. & DAVID, M. 2014. Unconventional post-translational modifications in 
immunological signaling. Nat Immunol, 15, 512-20. 
MUELLER, C., KLAGES, N., JACOT, D., SANTOS, J. M., CABRERA, A., GILBERGER, T. W., 
DUBREMETZ, J. F. & SOLDATI-FAVRE, D. 2013. The Toxoplasma protein ARO mediates 
the apical positioning of rhoptry organelles, a prerequisite for host cell invasion. Cell Host 
Microbe, 13, 289-301. 
MUELLER, C. F., WASSMANN, K., BERGER, A., HOLZ, S., WASSMANN, S. & NICKENIG, G. 
2008. Differential phosphorylation of calreticulin affects AT1 receptor mRNA stability in 
VSMC. Biochem Biophys Res Commun, 370, 669-74. 
MUELLER, K., MORIN-ADELINE, V., GILCHRIST, K., BROWN, G. & SLAPETA, J. 2015. High 
prevalence of Tritrichomonas foetus 'bovine genotype' in faecal samples from domestic pigs at 
a farm where bovine trichomonosis has not been reported for over 30 years. Veterinary 
parasitology, 212, 105-10. 
MUIA, R. P., YU, H., PRESCHER, J. A., HELLMAN, U., CHEN, X., BERTOZZI, C. R. & 
CAMPETELLA, O. 2010. Identification of glycoproteins targeted by Trypanosoma cruzi 
trans-sialidase, a virulence factor that disturbs lymphocyte glycosylation. Glycobiology, 20, 
833-42. 
MÜLLER, M., COOMBS, G., VICKERMAN, K., SLEIGH, M. & WARREN, A. 1998. Enzymes and 
compartmentation of core energy metabolism of anaerobic protists-a special case in eukaryotic 
evolution? Evolutionary relationships among protozoa., 109-132. 
MULLER, M. & LINDMARK, D. G. 1978. Respiration of hydrogenosomes of Tritrichomonas foetus. 
II. Effect of CoA on pyruvate oxidation. J Biol Chem, 253, 1215-8. 
MULLER, M., MENTEL, M., VAN HELLEMOND, J. J., HENZE, K., WOEHLE, C., GOULD, S. B., 
YU, R. Y., VAN DER GIEZEN, M., TIELENS, A. G. & MARTIN, W. F. 2012. Biochemistry 
and evolution of anaerobic energy metabolism in eukaryotes. Microbiol Mol Biol Rev, 76, 
444-95. 
MUNDODI, V., KUCKNOOR, A. S. & ALDERETE, J. F. 2008. Immunogenic and plasminogen-
binding surface-associated alpha-enolase of Trichomonas vaginalis. Infect Immun, 76, 523-31. 
MUNOZ, C., PEREZ, M., ORREGO, P. R., OSORIO, L., GUTIERREZ, B., SAGUA, H., 
CASTILLO, J. L., MARTINEZ-OYANEDEL, J., ARROYO, R., MEZA-CERVANTEZ, P., 
DA SILVEIRA, J. F., MIDLEJ, V., BENCHIMOL, M., CORDERO, E., MORALES, P., 
ARAYA, J. E. & GONZALEZ, J. 2012. A protein phosphatase 1 gamma (PP1gamma) of the 
human protozoan parasite Trichomonas vaginalis is involved in proliferation and cell 
attachment to the host cell. Int J Parasitol, 42, 715-27. 
NAGARAJ, S. H., GASSER, R. B. & RANGANATHAN, S. 2007. A hitchhiker's guide to expressed 
sequence tag (EST) analysis. Brief Bioinform, 8, 6-21. 
NAKAMURA, J. & LOU, L. 1995. Biochemical characterization of human GMP synthetase. J Biol 
Chem, 270, 7347-53. 
NAKATA, J., NAKAHARI, A., TAKAHASHI, C., CHIKAZAWA, S., HORI, Y., KANAI, K., ITO, 
N., HIGUCHI, S. & HOSHI, F. 2010. Molecular cloning, expression in Escherichia coli, and 
development of monoclonal antibodies to feline cystatin C. Veterinary immunology and 
immunopathology, 138, 231-4. 
NAKJANG, S., NDEH, D. A., WIPAT, A., BOLAM, D. N. & HIRT, R. P. 2012. A novel extracellular 
metallopeptidase domain shared by animal host-associated mutualistic and pathogenic 
microbes. PLoS One, 7, e30287. 
NARCISI, E. M. & SECOR, W. E. 1996. In vitro effect of tinidazole and furazolidone on 
metronidazole-resistant Trichomonas vaginalis. Antimicrobial agents and chemotherapy, 40, 
1121-5. 
NEILSON, K. A., ALI, N. A., MURALIDHARAN, S., MIRZAEI, M., MARIANI, M., 
ASSADOURIAN, G., LEE, A., VAN SLUYTER, S. C. & HAYNES, P. A. 2011. Less label, 
more free: approaches in label-free quantitative mass spectrometry. Proteomics, 11, 535-53. 
NEILSON, K. A., KEIGHLEY, T., PASCOVICI, D., COOKE, B. & HAYNES, P. A. 2013. Label-
free quantitative shotgun proteomics using normalized spectral abundance factors. Methods 
Mol Biol, 1002, 205-22. 
CHAPTER 6: REFERENCES   328 
NESVIZHSKII, A. I. & AEBERSOLD, R. 2005. Interpretation of shotgun proteomic data: the protein 
inference problem. Mol Cell Proteomics, 4, 1419-40. 
NEUHOFF, V., AROLD, N., TAUBE, D. & EHRHARDT, W. 1988. Improved staining of proteins in 
polyacrylamide gels including isoelectric focusing gels with clear background at nanogram 
sensitivity using Coomassie Brilliant Blue G-250 and R-250. Electrophoresis, 9, 255-62. 
NISSAPATORN, V., LEE, C., QUEK, K. F., LEONG, C. L., MAHMUD, R. & ABDULLAH, K. A. 
2004. Toxoplasmosis in HIV/AIDS patients: a current situation. Japanese journal of infectious 
diseases, 57, 160-5. 
NOGUEIRA, F. B., RUIZ, J. C., ROBELLO, C., ROMANHA, A. J. & MURTA, S. M. 2009. 
Molecular characterization of cytosolic and mitochondrial tryparedoxin peroxidase in 
Trypanosoma cruzi populations susceptible and resistant to benznidazole. Parasitology 
research, 104, 835-44. 
NORRIS, E. L., HEADLAM, M. J., DAVE, K. A., SMITH, D. D., BUKREYEV, A., SINGH, T., 
JAYAKODY, B. A., CHAPPELL, K. J., COLLINS, P. L. & GORMAN, J. J. 2016. 
Proteoform-Specific Insights into Cellular Proteome Regulation. Molecular & Cellular 
Proteomics : MCP, 15, 3297-3320. 
NORTH, M. J., MOTTRAM, J. C. & COOMBS, G. H. 1990a. Cysteine proteinases of parasitic 
protozoa. Parasitol Today, 6, 270-5. 
NORTH, M. J., ROBERTSON, C. D. & COOMBS, G. H. 1990b. The specificity of trichomonad 
cysteine proteinases analysed using fluorogenic substrates and specific inhibitors. Mol 
Biochem Parasitol, 39, 183-93. 
NUNES, M. C., OKADA, M., SCHEIDIG-BENATAR, C., COOKE, B. M. & SCHERF, A. 2010. 
Plasmodium falciparum FIKK kinase members target distinct components of the erythrocyte 
membrane. PLoS One, 5, e11747. 
NYAME, A. K., KAWAR, Z. S. & CUMMINGS, R. D. 2004. Antigenic glycans in parasitic 
infections: implications for vaccines and diagnostics. Arch Biochem Biophys, 426, 182-200. 
NYCANDER, M., ESTRADA, S., MORT, J. S., ABRAHAMSON, M. & BJORK, I. 1998. Two-step 
mechanism of inhibition of cathepsin B by cystatin C due to displacement of the proteinase 
occluding loop. FEBS letters, 422, 61-4. 
O'BRIEN, J. L., LAURIANO, C. M. & ALDERETE, J. F. 1996. Molecular characterization of a third 
malic enzyme-like AP65 adhesin gene of Trichomonas vaginalis. Microbial pathogenesis, 20, 
335-49. 
OKADA, M., HUSTON, C. D., MANN, B. J., PETRI, W. A., JR., KITA, K. & NOZAKI, T. 2005. 
Proteomic analysis of phagocytosis in the enteric protozoan parasite Entamoeba histolytica. 
Eukaryot Cell, 4, 827-31. 
OKUMURA, C. Y., BAUM, L. G. & JOHNSON, P. J. 2008. Galectin-1 on cervical epithelial cells is a 
receptor for the sexually transmitted human parasite Trichomonas vaginalis. Cellular 
microbiology, 10, 2078-90. 
OLIVEIRA, B. M., COORSSEN, J. R. & MARTINS-DE-SOUZA, D. 2014. 2DE: the phoenix of 
proteomics. J Proteomics, 104, 140-50. 
OLIVEIRA, K. C., CARVALHO, M. L., BONATTO, J. M., SCHECHTMAN, D. & VERJOVSKI-
ALMEIDA, S. 2016. Human TNF-alpha induces differential protein phosphorylation in 
Schistosoma mansoni adult male worms. Parasitol Res, 115, 817-28. 
OLSEN, J. V. & MANN, M. 2013. Status of Large-scale Analysis of Post-translational Modifications 
by Mass Spectrometry. Molecular and Cellular Proteomics, 12, 3444-3452. 
OLSSON, S. L., EK, B., WILM, M., BROBERG, S., RASK, L. & BJORK, I. 1997. Molecular cloning 
and N-terminal analysis of bovine cystatin C. Identification of a full-length N-terminal region. 
Biochim Biophys Acta, 1343, 203-10. 
ONDRAK, J. D. 2016. Tritrichomonas foetus Prevention and Control in Cattle. Vet Clin North Am 
Food Anim Pract, 32, 411-23. 
ONG, S. E. & PANDEY, A. 2001. An evaluation of the use of two-dimensional gel electrophoresis in 
proteomics. Biomolecular engineering, 18, 195-205. 
CHAPTER 6: REFERENCES   329 
ORCHARD, R. C., WILEN, C. B., DOENCH, J. G., BALDRIDGE, M. T., MCCUNE, B. T., LEE, Y. 
C., LEE, S., PRUETT-MILLER, S. M., NELSON, C. A., FREMONT, D. H. & VIRGIN, H. 
W. 2016. Discovery of a proteinaceous cellular receptor for a norovirus. Science, 353, 933-6. 
OVAT, A., MUINDI, F., FAGAN, C., BROUNER, M., HANSELL, E., DVORAK, J., SOJKA, D., 
KOPACEK, P., MCKERROW, J. H., CAFFREY, C. R. & POWERS, J. C. 2009. Aza-
peptidyl Michael acceptor and epoxide inhibitors-potent and selective inhibitors of 
Schistosoma mansoni and Ixodes ricinus legumains (asparaginyl endopeptidases). J Med 
Chem, 52, 7192-210. 
OVCINNIKOV, N. M., DELEKTORSKIJ, V. V., TURANOVA, E. N. & YASHKOVA, G. N. 1975. 
Further studies of Trichomonas vaginalis with transmission and scanning electron 
microscopy. The British journal of venereal diseases, 51, 357-75. 
OYHENART, J. & BRECCIA, J. D. 2014. Evidence for repeated gene duplications in Tritrichomonas 
foetus supported by EST analysis and comparison with the Trichomonas vaginalis genome. 
Vet Parasitol, 206, 267-76. 
PACKER, N. H., BALL, M. S. & DEVINE, P. L. 1999. Glycoprotein detection of 2-D separated 
proteins. Methods Mol Biol, 112, 341-52. 
PADILLA-VACA, F. & ANAYA-VELAZQUEZ, F. 1997. Biochemical properties of a neuraminidase 
of Trichomonas vaginalis. J Parasitol, 83, 1001-6. 
PADILLA, A. M., MARCO, J. D., DIOSQUE, P., SEGURA, M. A., MORA, M. C., FERNANDEZ, 
M. M., MALCHIODI, E. L. & BASOMBRIO, M. A. 2002. Canine infection and the possible 
role of dogs in the transmission of American tegumentary leishmaniosis in Salta, Argentina. 
Veterinary parasitology, 110, 1-10. 
PALOMARES, R. A., HURLEY, D. J., CRUM, L. T., ROLLIN, E., COLLOP, T., WILLIARD, A., 
FELTON, J., PARRISH, J. & CORBEIL, L. B. 2017. Serum, uterine, and vaginal mucosal 
IgG antibody responses against Tritrichomonas foetus after administration of a commercial 
killed whole T foetus vaccine in beef cows. Theriogenology, 87, 235-241. 
PANCHOLI, V. & CHHATWAL, G. S. 2003. Housekeeping enzymes as virulence factors for 
pathogens. Int J Med Microbiol, 293, 391-401. 
PAPICH, M. G., LEVINE, D. N., GOOKIN, J. L., DAVIDSON, G. S., STAGNER, W. C. & HAYES, 
R. B. 2013. Ronidazole pharmacokinetics in cats following delivery of a delayed-release guar 
gum formulation. J Vet Pharmacol Ther, 36, 399-407. 
PARK, R. J., WANG, T., KOUNDAKJIAN, D., HULTQUIST, J. F., LAMOTHE-MOLINA, P., 
MONEL, B., SCHUMANN, K., YU, H., KRUPZCAK, K. M., GARCIA-BELTRAN, W., 
PIECHOCKA-TROCHA, A., KROGAN, N. J., MARSON, A., SABATINI, D. M., LANDER, 
E. S., HACOHEN, N. & WALKER, B. D. 2017. A genome-wide CRISPR screen identifies a 
restricted set of HIV host dependency factors. Nat Genet, 49, 193-203. 
PARSONSON, I. M., CLARK, B. L. & DUFTY, J. 1974. The pathogenesis of Tritrichomonas foetus 
infection in the bull. Aust Vet J, 50, 421-3. 
PAUGAM, A., BULTEAU, A. L., DUPOUY-CAMET, J., CREUZET, C. & FRIGUET, B. 2003. 
Characterization and role of protozoan parasite proteasomes. Trends Parasitol, 19, 55-9. 
PAULNOCK, D. M. & COLLER, S. P. 2001. Analysis of macrophage activation in African 
trypanosomiasis. Journal of leukocyte biology, 69, 685-90. 
PAYNE, D. 1987. Spread of chloroquine resistance in Plasmodium falciparum. Parasitology today, 3, 
241-6. 
PEGG, A. E. & MCCANN, P. P. 1982. Polyamine metabolism and function. Am J Physiol, 243, C212-
21. 
PELICIC, V. 2008. Type IV pili: e pluribus unum? Mol Microbiol, 68, 827-37. 
PENG, J. & GYGI, S. P. 2001. Proteomics: the move to mixtures. Journal of Mass Spectrometry:JMS, 
36, 1083-91. 
PEREIRA-NEVES, A. & BENCHIMOL, M. 2007. Phagocytosis by Trichomonas vaginalis: new 
insights. Biology of the cell / under the auspices of the European Cell Biology Organization, 
99, 87-101. 
PEREIRA-NEVES, A. & BENCHIMOL, M. 2009. Tritrichomonas foetus: budding from 
multinucleated pseudocysts. Protist, 160, 536-51. 
CHAPTER 6: REFERENCES   330 
PEREIRA-NEVES, A., GONZAGA, L., MENNA-BARRETO, R. F. & BENCHIMOL, M. 2015. 
Characterisation of 20S Proteasome in Tritrichomonas foetus and Its Role during the Cell 
Cycle and Transformation into Endoflagellar Form. PLoS One, 10, e0129165. 
PEREIRA-NEVES, A., RIBEIRO, K. C. & BENCHIMOL, M. 2003. Pseudocysts in trichomonads--
new insights. Protist, 154, 313-29. 
PEREIRA-NEVES, A., ROSALES-ENCINA, J. L., MEYER-FERNANDES, J. R. & BENCHIMOL, 
M. 2014. Tritrichomonas foetus: characterisation of ecto-phosphatase activities in the 
endoflagelar form and their possible participation on the parasite's transformation and 
cytotoxicity. Exp Parasitol, 142, 67-82. 
PETERSEN, T. N., BRUNAK, S., VON HEIJNE, G. & NIELSEN, H. 2011. SignalP 4.0: 
discriminating signal peptides from transmembrane regions. Nat Methods, 8, 785-6. 
PETRAK, J., IVANEK, R., TOMAN, O., CMEJLA, R., CMEJLOVA, J., VYORAL, D., ZIVNY, J. & 
VULPE, C. D. 2008. Deja vu in proteomics. A hit parade of repeatedly identified 
differentially expressed proteins. Proteomics, 8, 1744-9. 
PETRI, W. A., JR., HAQUE, R. & MANN, B. J. 2002. The bittersweet interface of parasite and host: 
lectin-carbohydrate interactions during human invasion by the parasite Entamoeba histolytica. 
Annu Rev Microbiol, 56, 39-64. 
PETRIN, D., DELGATY, K., BHATT, R. & GARBER, G. 1998. Clinical and microbiological aspects 
of Trichomonas vaginalis. Clinical microbiology reviews, 11, 300-17. 
PETROPOLIS, D. B., FERNANDES RODRIGUES, J. C., DA ROCHA-AZEVEDO, B. & COSTA E 
SILVA-FILHO, F. 2008. The binding of Tritrichomonas foetus to immobilized laminin-1 and 
its role in the cytotoxicity exerted by the parasite. Microbiology, 154, 2283-90. 
PICOTTI, P. & AEBERSOLD, R. 2012. Selected reaction monitoring-based proteomics: workflows, 
potential, pitfalls and future directions. Nat Methods, 9, 555-66. 
PINA-VAZQUEZ, C., REYES-LOPEZ, M., ORTIZ-ESTRADA, G., DE LA GARZA, M. & 
SERRANO-LUNA, J. 2012. Host-parasite interaction: parasite-derived and -induced proteases 
that degrade human extracellular matrix. Journal of parasitology research, 2012, 748206. 
PINKSE, M. W., UITTO, P. M., HILHORST, M. J., OOMS, B. & HECK, A. J. 2004. Selective 
isolation at the femtomole level of phosphopeptides from proteolytic digests using 2D-
NanoLC-ESI-MS/MS and titanium oxide precolumns. Anal Chem, 76, 3935-43. 
POLLO-OLIVEIRA, L., POST, H., ACENCIO, M. L., LEMKE, N., VAN DEN TOORN, H., 
TRAGANTE, V., HECK, A. J., ALTELAAR, A. F. & YATSUDA, A. P. 2013. Unravelling 
the Neospora caninum secretome through the secreted fraction (ESA) and quantification of the 
discharged tachyzoite using high-resolution mass spectrometry-based proteomics. Parasit 
Vectors, 6, 335. 
POOLE, D. N. & MCCLELLAND, R. S. 2013. Global epidemiology of Trichomonas vaginalis. Sex 
Transm Infect, 89, 418-22. 
POSCH, A., FRANZ, T., HARTWIG, S., KNEBEL, B., AL-HASANI, H., PASSLACK, W., KUNZ, 
N., HINZE, Y., LI, X., KOTZKA, J. & LEHR, S. 2013. 2D-ToGo workflow: increasing 
feasibility and reproducibility of 2-dimensional gel electrophoresis. Arch Physiol Biochem, 
119, 108-13. 
POUNDS, S. B. 2006. Estimation and control of multiple testing error rates for microarray studies. 
Brief Bioinform, 7, 25-36. 
PROFIZI, C., CIAN, A., MELONI, D., HUGONNARD, M., LAMBERT, V., GROUD, K., 
GAGNON, A. C., VISCOGLIOSI, E. & ZENNER, L. 2013. Prevalence of Tritrichomonas 
foetus infections in French catteries. Vet Parasitol, 196, 50-5. 
PROVENZANO, D. & ALDERETE, J. F. 1995. Analysis of human immunoglobulin-degrading 
cysteine proteinases of Trichomonas vaginalis. Infection and immunity, 63, 3388-95. 
PRUCCA, C. G. & LUJAN, H. D. 2009. Antigenic variation in Giardia lamblia. Cell Microbiol, 11, 
1706-15. 
PRUCCA, C. G., SLAVIN, I., QUIROGA, R., ELIAS, E. V., RIVERO, F. D., SAURA, A., 
CARRANZA, P. G. & LUJAN, H. D. 2008. Antigenic variation in Giardia lamblia is 
regulated by RNA interference. Nature, 456, 750-4. 
CHAPTER 6: REFERENCES   331 
PRYER, N. K., WUESTEHUBE, L. J. & SCHEKMAN, R. 1992. Vesicle-mediated protein sorting. 
Annu Rev Biochem, 61, 471-516. 
QIDWAI, T. 2015. Hemoglobin Degrading Proteases of Plasmodium falciparum as Antimalarial Drug 
Targets. Curr Drug Targets, 16, 1133-41. 
QIU, J., WANG, L., ZHANG, R., GE, K., GUO, H., LIU, X., LIU, J., KONG, D. & WANG, Y. 2016. 
Identification of a TNF-alpha inducer MIC3 originating from the microneme of non-
cystogenic, virulent Toxoplasma gondii. Sci Rep, 6, 39407. 
QUAN, J. H., CHOI, I. W., YANG, J. B., ZHOU, W., CHA, G. H., ZHOU, Y., RYU, J. S. & LEE, Y. 
H. 2014. Trichomonas vaginalis metalloproteinase induces mTOR cleavage of SiHa cells. 
Korean J Parasitol, 52, 595-603. 
QUE, X. & REED, S. L. 1997. The role of extracellular cysteine proteinases in pathogenesis of 
Entamoeba histolytica invasion. Parasitology today, 13, 190-4. 
QUEIROZ, R. M., RICART, C. A., MACHADO, M. O., BASTOS, I. M., DE SANTANA, J. M., DE 
SOUSA, M. V., ROEPSTORFF, P. & CHARNEAU, S. 2016. Insight into the Exoproteome of 
the Tissue-Derived Trypomastigote form of Trypanosoma cruzi. Front Chem, 4, 42. 
QUINTAS-GRANADOS, L. I., VILLALPANDO, J. L., VAZQUEZ-CARRILLO, L. I., ARROYO, 
R., MENDOZA-HERNANDEZ, G. & ALVAREZ-SANCHEZ, M. E. 2013. TvMP50 is an 
immunogenic metalloproteinase during male trichomoniasis. Molecular and Cellular 
Proteomics: MCP, 12, 1953-64. 
RABILLOUD, T. 1998. Use of thiourea to increase the solubility of membrane proteins in two-
dimensional electrophoresis. Electrophoresis, 19, 758-60. 
RABILLOUD, T. 2003. Membrane proteins ride shotgun. Nat Biotechnol, 21, 508-10. 
RABILLOUD, T. 2009. Membrane proteins and proteomics: love is possible, but so difficult. 
Electrophoresis, 30 Suppl 1, S174-80. 
RABILLOUD, T. & LELONG, C. 2011. Two-dimensional gel electrophoresis in proteomics: a 
tutorial. J Proteomics, 74, 1829-41. 
RAE, D. O. 1989. Impact of trichomoniasis on the cow-calf producer's profitability. J Am Vet Med 
Assoc, 194, 771-5. 
RAE, D. O. & CREWS, J. E. 2006. Tritrichomonas foetus. The Veterinary clinics of North America. 
Food animal practice, 22, 595-611. 
RAGHEB, D., DALAL, S., BOMPIANI, K. M., RAY, W. K. & KLEMBA, M. 2011. Distribution and 
biochemical properties of an M1-family aminopeptidase in Plasmodium falciparum indicate a 
role in vacuolar hemoglobin catabolism. J Biol Chem, 286, 27255-65. 
RAJALINGAM, D., LOFTIS, C., XU, J. J. & KUMAR, T. K. 2009. Trichloroacetic acid-induced 
protein precipitation involves the reversible association of a stable partially structured 
intermediate. Protein Sci, 18, 980-93. 
RAMIREZ, G., VALCK, C., MOLINA, M. C., RIBEIRO, C. H., LOPEZ, N., SANCHEZ, G., 
FERREIRA, V. P., BILLETTA, R., AGUILAR, L., MALDONADO, I., CATTAN, P., 
SCHWAEBLE, W. & FERREIRA, A. 2011. Trypanosoma cruzi calreticulin: a novel 
virulence factor that binds complement C1 on the parasite surface and promotes infectivity. 
Immunobiology, 216, 265-73. 
RAMON-LUING LDE, L., RENDON-GANDARILLA, F. J., PUENTE-RIVERA, J., AVILA-
GONZALEZ, L. & ARROYO, R. 2011. Identification and characterization of the 
immunogenic cytotoxic TvCP39 proteinase gene of Trichomonas vaginalis. The international 
journal of biochemistry & cell biology, 43, 1500-11. 
RANGANATHAN, S. & GARG, G. 2009. Secretome: clues into pathogen infection and clinical 
applications. Genome Med, 1, 113. 
RAPPSILBER, J., MANN, M. & ISHIHAMA, Y. 2007. Protocol for micro-purification, enrichment, 
pre-fractionation and storage of peptides for proteomics using StageTips. Nat Protoc, 2, 1896-
906. 
RAWLINGS, N. D. & BARRETT, A. J. 1994. Families of cysteine peptidases. Methods in 
enzymology, 244, 461-86. 
CHAPTER 6: REFERENCES   332 
RAWLINGS, N. D., WALLER, M., BARRETT, A. J. & BATEMAN, A. 2014. MEROPS: the 
database of proteolytic enzymes, their substrates and inhibitors. Nucleic Acids Res, 42, D503-
9. 
REGUERA, R. M., DIAZ-GONZALEZ, R., PEREZ-PERTEJO, Y. & BALANA-FOUCE, R. 2008. 
Characterizing the bi-subunit type IB DNA topoisomerase of Leishmania parasites; a novel 
scenario for drug intervention in trypanosomatids. Current drug targets, 9, 966-78. 
REIN, M. F., SULLIVAN, J. A. & MANDELL, G. L. 1980. Trichomonacidal activity of human 
polymorphonuclear neutrophils: killing by disruption and fragmentation. J Infect Dis, 142, 
575-85. 
REINDERS, J. & SICKMANN, A. 2005. State-of-the-art in phosphoproteomics. Proteomics, 5, 4052-
61. 
REINMANN, K., MULLER, N., KUHNERT, P., CAMPERO, C. M., LEITSCH, D., HESS, M., 
HENNING, K., FORT, M., MULLER, J., GOTTSTEIN, B. & FREY, C. F. 2012. 
Tritrichomonas foetus isolates from cats and cattle show minor genetic differences in 
unrelated loci ITS-2 and EF-1alpha. Veterinary parasitology, 185, 138-44. 
REIS, I. A., MARTINEZ, M. P., YARLETT, N., JOHNSON, P. J., SILVA-FILHO, F. C. & 
VANNIER-SANTOS, M. A. 1999. Inhibition of polyamine synthesis arrests trichomonad 
growth and induces destruction of hydrogenosomes. Antimicrob Agents Chemother, 43, 1919-
23. 
RENDON-GANDARILLA, F. J., RAMON-LUING, L. D. L. A., ORTEGA-LOPEZ, J., ROSA DE 
ANDRADE, I., BENCHIMOL, M. & ARROYO, R. 2013. The TvLEGU-1, a Legumain-Like 
Cysteine Proteinase, Plays a Key Role in Trichomonas vaginalis Cytoadherence. BioMed 
Research International, 2013, 18. 
RENDON-MALDONADO, J. G., ESPINOSA-CANTELLANO, M., GONZALEZ-ROBLES, A. & 
MARTINEZ-PALOMO, A. 1998. Trichomonas vaginalis: in vitro phagocytosis of 
lactobacilli, vaginal epithelial cells, leukocytes, and erythrocytes. Exp Parasitol, 89, 241-50. 
REUTER, J. A., SPACEK, D. V. & SNYDER, M. P. 2015. High-throughput sequencing technologies. 
Mol Cell, 58, 586-97. 
REYES-LOPEZ, M., BERMUDEZ-CRUZ, R. M., AVILA, E. E. & DE LA GARZA, M. 2011. 
Acetaldehyde/alcohol dehydrogenase-2 (EhADH2) and clathrin are involved in internalization 
of human transferrin by Entamoeba histolytica. Microbiology, 157, 209-19. 
RIECKMANN, K. H., DAVIS, D. R. & HUTTON, D. C. 1989. Plasmodium vivax resistance to 
chloroquine? Lancet, 2, 1183-4. 
RINGQVIST, E., PALM, J. E., SKARIN, H., HEHL, A. B., WEILAND, M., DAVIDS, B. J., 
REINER, D. S., GRIFFITHS, W. J., ECKMANN, L., GILLIN, F. D. & SVARD, S. G. 2008. 
Release of metabolic enzymes by Giardia in response to interaction with intestinal epithelial 
cells. Mol Biochem Parasitol, 159, 85-91. 
ROBIBARO, B., HOPPE, H. C., YANG, M., COPPENS, I., NGO, H. M., STEDMAN, T. T., 
PAPROTKA, K. & JOINER, K. A. 2001. Endocytosis in different lifestyles of protozoan 
parasitism: role in nutrient uptake with special reference to Toxoplasma gondii. International 
journal for parasitology, 31, 1343-53. 
RODITI, I. 2016. The languages of parasite communication. Mol Biochem Parasitol, 208, 16-22. 
RODRIGUES, J. A., ACOSTA-SERRANO, A., AEBI, M., FERGUSON, M. A., ROUTIER, F. H., 
SCHILLER, I., SOARES, S., SPENCER, D., TITZ, A., WILSON, I. B. & IZQUIERDO, L. 
2015. Parasite Glycobiology: A Bittersweet Symphony. PLoS Pathog, 11, e1005169. 
ROGERS, L. D. & OVERALL, C. M. 2013. Proteolytic post-translational modification of proteins: 
proteomic tools and methodology. Mol Cell Proteomics, 12, 3532-42. 
ROGOWSKA-WRZESINSKA, A., LE BIHAN, M. C., THAYSEN-ANDERSEN, M. & 
ROEPSTORFF, P. 2013. 2D gels still have a niche in proteomics. Journal of proteomics, 88, 
4-13. 
ROSADO, T. W., SPECHT, A. & MARKS, S. L. 2007. Neurotoxicosis in 4 cats receiving ronidazole. 
Journal of veterinary internal medicine / American College of Veterinary Internal Medicine, 
21, 328-31. 
CHAPTER 6: REFERENCES   333 
ROSENTHAL, P. J. 2011. Falcipains and other cysteine proteases of malaria parasites. Adv Exp Med 
Biol, 712, 30-48. 
ROSENTHAL, P. J., LEE, G. K. & SMITH, R. E. 1993. Inhibition of a Plasmodium vinckei cysteine 
proteinase cures murine malaria. J Clin Invest, 91, 1052-6. 
ROTH, J. 2002. Protein N-glycosylation along the secretory pathway: relationship to organelle 
topography and function, protein quality control, and cell interactions. Chem Rev, 102, 285-
303. 
RUDD, S. 2003. Expressed sequence tags: alternative or complement to whole genome sequences? 
Trends Plant Sci, 8, 321-9. 
RYAN, C. M., DE MIGUEL, N. & JOHNSON, P. J. 2011. Trichomonas vaginalis: current 
understanding of host-parasite interactions. Essays in biochemistry, 51, 161-75. 
SA, J. M., CHONG, J. L. & WELLEMS, T. E. 2011. Malaria drug resistance: new observations and 
developments. Essays in biochemistry, 51, 137-60. 
SACKS, D. & SHER, A. 2002. Evasion of innate immunity by parasitic protozoa. Nat Immunol, 3, 
1041-7. 
SAIDIN, S., YUNUS, M. H., ZAKARIA, N. D., RAZAK, K. A., HUAT, L. B., OTHMAN, N. & 
NOORDIN, R. 2014. Production of recombinant Entamoeba histolytica pyruvate phosphate 
dikinase and its application in a lateral flow dipstick test for amoebic liver abscess. BMC 
Infect Dis, 14, 182. 
SAJID, M. & MCKERROW, J. H. 2002. Cysteine proteases of parasitic organisms. Molecular and 
biochemical parasitology, 120, 1-21. 
SAJID, M., MCKERROW, J. H., HANSELL, E., MATHIEU, M. A., LUCAS, K. D., HSIEH, I., 
GREENBAUM, D., BOGYO, M., SALTER, J. P., LIM, K. C., FRANKLIN, C., KIM, J. H. & 
CAFFREY, C. R. 2003. Functional expression and characterization of Schistosoma mansoni 
cathepsin B and its trans-activation by an endogenous asparaginyl endopeptidase. Mol 
Biochem Parasitol, 131, 65-75. 
SANCHEZ-MORENO, M., LASZTITY, D., COPPENS, I. & OPPERDOES, F. R. 1992. 
Characterization of carbohydrate metabolism and demonstration of glycosomes in a 
Phytomonas sp. isolated from Euphorbia characias. Mol Biochem Parasitol, 54, 185-99. 
SANCHEZ-OVEJERO, C., BENITO-LOPEZ, F., DIEZ, P., CASULLI, A., SILES-LUCAS, M., 
FUENTES, M. & MANZANO-ROMAN, R. 2016. Sensing parasites: Proteomic and advanced 
bio-detection alternatives. J Proteomics, 136, 145-56. 
SANON, A., BORIES, C. & LOISEAU, P. M. 1998. Chitinolytic activities in Trichomonas vaginalis. 
Parasite, 5, 75-8. 
SANON, A., TOURNAIRE-ARELLANO, C., EL HAGE, S. Y., BORIES, C., CAUJOLLE, R. & 
LOISEAU, P. M. 2005. N-acetyl-beta-D-hexosaminidase from Trichomonas vaginalis: 
substrate specificity and activity of inhibitors. Biomed Pharmacother, 59, 245-8. 
SANTONI, V., MOLLOY, M. & RABILLOUD, T. 2000. Membrane proteins and proteomics: un 
amour impossible? Electrophoresis, 21, 1054-70. 
SCHLEIFER, K. W. & MANSFIELD, J. M. 1993. Suppressor macrophages in African 
trypanosomiasis inhibit T cell proliferative responses by nitric oxide and prostaglandins. J 
Immunol, 151, 5492-503. 
SCHLUTER, H., APWEILER, R., HOLZHUTTER, H. G. & JUNGBLUT, P. R. 2009. Finding one's 
way in proteomics: a protein species nomenclature. Chem Cent J, 3, 11. 
SCHMID-HEMPEL, P. 2008. Parasite immune evasion: a momentous molecular war. Trends in 
Ecology and Evolution, 23, 318-26. 
SCHNEIDER, C. A., RASBAND, W. S. & ELICEIRI, K. W. 2012. NIH Image to ImageJ: 25 years of 
image analysis. Nat Methods, 9, 671-5. 
SCHULENBERG, B., AGGELER, R., BEECHEM, J. M., CAPALDI, R. A. & PATTON, W. F. 
2003a. Analysis of steady-state protein phosphorylation in mitochondria using a novel 
fluorescent phosphosensor dye. J Biol Chem, 278, 27251-5. 
SCHULENBERG, B., BEECHEM, J. M. & PATTON, W. F. 2003b. Mapping glycosylation changes 
related to cancer using the Multiplexed Proteomics technology: a protein differential display 
approach. J Chromatogr B Analyt Technol Biomed Life Sci, 793, 127-39. 
CHAPTER 6: REFERENCES   334 
SCHULENBERG, B., GOODMAN, T. N., AGGELER, R., CAPALDI, R. A. & PATTON, W. F. 
2004. Characterization of dynamic and steady-state protein phosphorylation using a 
fluorescent phosphoprotein gel stain and mass spectrometry. Electrophoresis, 25, 2526-32. 
SCHWANHAUSSER, B., BUSSE, D., LI, N., DITTMAR, G., SCHUCHHARDT, J., WOLF, J., 
CHEN, W. & SELBACH, M. 2011. Global quantification of mammalian gene expression 
control. Nature, 473, 337-42. 
SCHWEBKE, J. R. & BURGESS, D. 2004. Trichomoniasis. Clinical Microbiology Reviews, 17, 794-
803, table of contents. 
SEET, B. T., DIKIC, I., ZHOU, M. M. & PAWSON, T. 2006. Reading protein modifications with 
interaction domains. Nat Rev Mol Cell Biol, 7, 473-83. 
SEYMOUR, L. M., DEUTSCHER, A. T., JENKINS, C., KUIT, T. A., FALCONER, L., MINION, F. 
C., CROSSETT, B., PADULA, M., DIXON, N. E., DJORDJEVIC, S. P. & WALKER, M. J. 
2010. A processed multidomain Mycoplasma hyopneumoniae adhesin binds fibronectin, 
plasminogen, and swine respiratory cilia. The Journal of biological chemistry, 285, 33971-8. 
SHAIA, C. I., VOYICH, J., GILLIS, S. J., SINGH, B. N. & BURGESS, D. E. 1998. Purification and 
expression of the Tf190 adhesin in Tritrichomonas foetus. Infection and immunity, 66, 1100-5. 
SHAKARIAN, A. M., ELLIS, S. L., MALLINSON, D. J., OLAFSON, R. W. & DWYER, D. M. 
1997. Two tandemly arrayed genes encode the (histidine) secretory acid phosphatases of 
Leishmania donovani. Gene, 196, 127-37. 
SHENG, Y., ABREU, I. A., CABELLI, D. E., MARONEY, M. J., MILLER, A. F., TEIXEIRA, M. & 
VALENTINE, J. S. 2014. Superoxide dismutases and superoxide reductases. Chem Rev, 114, 
3854-918. 
SHERMAN, I. W., TING, I. P. & TANIGOSHI, L. 1970. Plasmodium lophurae: glucose-1-14C nd 
glucose-6-14C catabolism by free plasmodia and duckling host erythrocytes. Comparative 
biochemistry and physiology, 34, 625-39. 
SHETERLINE, P. & SPARROW, J. C. 1994. Actin. Protein Profile, 1, 1-121. 
SHOWLER, A. J., WILSON, M. E., KAIN, K. C. & BOGGILD, A. K. 2014. Parasitic diseases in 
travelers: a focus on therapy. Expert Rev Anti Infect Ther, 12, 497-521. 
SIJWALI, P. S. & ROSENTHAL, P. J. 2004. Gene disruption confirms a critical role for the cysteine 
protease falcipain-2 in hemoglobin hydrolysis by Plasmodium falciparum. Proc Natl Acad Sci 
U S A, 101, 4384-9. 
SILES-LUCAS MDEL, M. & GOTTSTEIN, B. 2003. The 14-3-3 protein: a key molecule in parasites 
as in other organisms. Trends Parasitol, 19, 575-81. 
SILVER, B. J., GUY, R. J., KALDOR, J. M., JAMIL, M. S. & RUMBOLD, A. R. 2014. Trichomonas 
vaginalis as a cause of perinatal morbidity: a systematic review and meta-analysis. Sex 
Transm Dis, 41, 369-76. 
SILVERMAN, J. M., CHAN, S. K., ROBINSON, D. P., DWYER, D. M., NANDAN, D., FOSTER, 
L. J. & REINER, N. E. 2008. Proteomic analysis of the secretome of Leishmania donovani. 
Genome Biol, 9, R35. 
SILVERMAN, J. M. & REINER, N. E. 2011. Leishmania exosomes deliver preemptive strikes to 
create an environment permissive for early infection. Front Cell Infect Microbiol, 1, 26. 
SINGH, B. N., BONDURANT, R. H., CAMPERO, C. M. & CORBEIL, L. B. 2001a. Immunological 
and biochemical analysis of glycosylated surface antigens and lipophosphoglycan of 
Tritrichomonas foetus. J Parasitol, 87, 770-7. 
SINGH, B. N., HAYES, G. R., LUCAS, J. J., BEACH, D. H. & GILBERT, R. O. 2005. In vitro 
cytopathic effects of a cysteine protease of Tritrichomonas foetus on cultured bovine uterine 
epithelial cells. American journal of veterinary research, 66, 1181-6. 
SINGH, B. N., LUCAS, J. J., BEACH, D. H., SHIN, S. T. & GILBERT, R. O. 1999. Adhesion of 
Tritrichomonas foetus to bovine vaginal epithelial cells. Infection and Immunity, 67, 3847-54. 
SINGH, B. N., LUCAS, J. J., HAYES, G. R., KUMAR, I., BEACH, D. H., FRAJBLAT, M., 
GILBERT, R. O., SOMMER, U. & COSTELLO, C. E. 2004. Tritrichomonas foetus induces 
apoptotic cell death in bovine vaginal epithelial cells. Infection and immunity, 72, 4151-8. 
SINGH, M., MUKHERJEE, P., NARAYANASAMY, K., ARORA, R., SEN, S. D., GUPTA, S., 
NATARAJAN, K. & MALHOTRA, P. 2009. Proteome analysis of Plasmodium falciparum 
CHAPTER 6: REFERENCES   335 
extracellular secretory antigens at asexual blood stages reveals a cohort of proteins with 
possible roles in immune modulation and signaling. Mol Cell Proteomics, 8, 2102-18. 
SINGH, R., KUMAR, P. & GUPTA, P. P. 2001b. Comparative functional characterization of mouse 
bone marrow-derived mast cells and peritoneal mast cells in response to non-immunological 
stimuli. Indian J Exp Biol, 39, 323-8. 
SKOLNIK, N. S. 2007. Sexually Transmitted Diseases Treatment Guidelines, 2006 Essential Practice 
Guidelines in Primary Care. In: SKOLNIK, N. S., SCHNEIDER, D., NEILL, R. & 
KURITZKY, L. (eds.) Current Clinical Practice. Humana Press. 
SLAPETA, J., CRAIG, S., MCDONELL, D. & EMERY, D. 2010. Tritrichomonas foetus from 
domestic cats and cattle are genetically distinct. Experimental parasitology, 126, 209-13. 
SLAPETA, J., MULLER, N., STACK, C. M., WALKER, G., LEW-TABOR, A., TACHEZY, J. & 
FREY, C. F. 2012. Comparative analysis of Tritrichomonas foetus (Riedmuller, 1928) cat 
genotype, T. foetus (Riedmuller, 1928) cattle genotype and Tritrichomonas suis (Davaine, 
1875) at 10 DNA loci. International Journal for Parasitology, 42, 1143-9. 
SLUCHANKO, N. N. & GUSEV, N. B. 2010. 14-3-3 proteins and regulation of cytoskeleton. 
Biochemistry (Mosc), 75, 1528-46. 
SMITH, J. & GARBER, G. E. 2014. Current status and prospects for development of a vaccine against 
Trichomonas vaginalis infections. Vaccine, 32, 1588-94. 
SMITH, J. D. & GARBER, G. E. 2015. Trichomonas vaginalis infection induces vaginal CD4+ T-cell 
infiltration in a mouse model: a vaccine strategy to reduce vaginal infection and HIV 
transmission. J Infect Dis, 212, 285-93. 
SMITH, L. M., KELLEHER, N. L. & CONSORTIUM FOR TOP DOWN, P. 2013. Proteoform: a 
single term describing protein complexity. Nat Methods, 10, 186-7. 
SMITH, R. W., BRITTINGHAM, A. & WILSON, W. A. 2016. Purification and identification of 
amylases released by the human pathogen Trichomonas vaginalis that are active towards 
glycogen. Mol Biochem Parasitol, 210, 22-31. 
SOLANO-GONZALEZ, E., ALVAREZ-SANCHEZ, M. E., AVILA-GONZALEZ, L., RODRIGUEZ-
VARGAS, V. H., ARROYO, R. & ORTEGA-LOPEZ, J. 2006. Location of the cell-binding 
domain of CP65, a 65kDa cysteine proteinase involved in Trichomonas vaginalis cytotoxicity. 
The international journal of biochemistry & cell biology, 38, 2114-27. 
SOLDATI, D., FOTH, B. J. & COWMAN, A. F. 2004. Molecular and functional aspects of parasite 
invasion. Trends Parasitol, 20, 567-74. 
SOMLATA, BHATTACHARYA, S. & BHATTACHARYA, A. 2011. A C2 domain protein kinase 
initiates phagocytosis in the protozoan parasite Entamoeba histolytica. Nat Commun, 2, 230. 
SOMMER, U., COSTELLO, C. E., HAYES, G. R., BEACH, D. H., GILBERT, R. O., LUCAS, J. J. & 
SINGH, B. N. 2005. Identification of Trichomonas vaginalis cysteine proteases that induce 
apoptosis in human vaginal epithelial cells. The Journal of biological chemistry, 280, 23853-
60. 
SONG, M.-J., LEE, J.-J., NAM, Y. H., KIM, T.-G., CHUNG, Y. W., KIM, M., CHOI, Y.-E., SHIN, 
M. H. & KIM, H.-P. 2015. Modulation of dendritic cell function by Trichomonas vaginalis-
derived secretory products. BMB Reports, 48, 103-108. 
SONNHAMMER, E. L., VON HEIJNE, G. & KROGH, A. 1998. A hidden Markov model for 
predicting transmembrane helices in protein sequences. Proceedings/International Conference 
on Intelligent Systems for Molecular Biology; ISMB. International Conference on Intelligent 
Systems for Molecular Biology, 6, 175-82. 
SOPER, D. 2004. Trichomoniasis: under control or undercontrolled? American journal of obstetrics 
and gynecology, 190, 281-90. 
SPEICH, B., CROLL, D., FURST, T., UTZINGER, J. & KEISER, J. 2016. Effect of sanitation and 
water treatment on intestinal protozoa infection: a systematic review and meta-analysis. 
Lancet Infect Dis, 16, 87-99. 
STACK, C., DALTON, J. P. & ROBINSON, M. W. 2011. The phylogeny, structure and function of 
trematode cysteine proteases, with particular emphasis on the Fasciola hepatica cathepsin L 
family. Advances in experimental medicine and biology, 712, 116-35. 
CHAPTER 6: REFERENCES   336 
STADELMANN, B., HANEVIK, K., ANDERSSON, M. K., BRUSERUD, O. & SVARD, S. G. 2013. 
The role of arginine and arginine-metabolizing enzymes during Giardia - host cell interactions 
in vitro. BMC Microbiol, 13, 256. 
STEFFEN, P., KWIATKOWSKI, M., ROBERTSON, W. D., ZARRINE-AFSAR, A., DETERRA, D., 
RICHTER, V. & SCHLUTER, H. 2016. Protein species as diagnostic markers. J Proteomics, 
134, 5-18. 
STEINBERG, T. H., AGNEW, B. J., GEE, K. R., LEUNG, W. Y., GOODMAN, T., 
SCHULENBERG, B., HENDRICKSON, J., BEECHEM, J. M., HAUGLAND, R. P. & 
PATTON, W. F. 2003. Global quantitative phosphoprotein analysis using Multiplexed 
Proteomics technology. Proteomics, 3, 1128-44. 
STEINBERG, T. H., PRETTY ON TOP, K., BERGGREN, K. N., KEMPER, C., JONES, L., DIWU, 
Z., HAUGLAND, R. P. & PATTON, W. F. 2001. Rapid and simple single nanogram 
detection of glycoproteins in polyacrylamide gels and on electroblots. Proteomics, 1, 841-55. 
STEINER, J., XENOULIS, P., READ, S., SUCHODOLSKI, J., GLOBOKAR, M., HUISINGA, E. & 
THUERE, S. 2007. Identification of Tritrichomonas foetus DNA in feces from cats with 
diarrhea from Germany and Austria. Journal of Veterinary Internal Medicine, 21. 
STERNBERG, M. J. & MABBOTT, N. A. 1996. Nitric oxide-mediated suppression of T cell 
responses during Trypanosoma brucei infection: soluble trypanosome products and interferon-
gamma are synergistic inducers of nitric oxide synthase. Eur J Immunol, 26, 539-43. 
STOCKDALE, H., RODNING, S., GIVENS, M., CARPENTER, D., LENZ, S., SPENCER, J., 
DYKSTRA, C., LINDSAY, D. & BLAGBURN, B. 2007. Experimental infection of cattle 
with a feline isolate of Tritrichomonas foetus. The Journal of Parasitology, 93, 1429-34. 
STOCKDALE, H. D., DILLON, A. R., NEWTON, J. C., BIRD, R. C., BONDURANT, R. H., 
DEINNOCENTES, P., BARNEY, S., BULTER, J., LAND, T., SPENCER, J. A., LINDSAY, 
D. S. & BLAGBURN, B. L. 2008. Experimental infection of cats (Felis catus) with 
Tritrichomonas foetus isolated from cattle. Veterinary parasitology, 154, 156-61. 
STOCKDALE, H. D., GIVENS, M. D., DYKSTRA, C. C. & BLAGBURN, B. L. 2009. 
Tritrichomonas foetus infections in surveyed pet cats. Vet Parasitol, 160, 13-7. 
STOKA, V., NYCANDER, M., LENARCIC, B., LABRIOLA, C., CAZZULO, J. J., BJORK, I. & 
TURK, V. 1995. Inhibition of cruzipain, the major cysteine proteinase of the protozoan 
parasite, Trypanosoma cruzi, by proteinase inhibitors of the cystatin superfamily. FEBS 
letters, 370, 101-4. 
STOKES, C. & WALY, N. 2006. Mucosal defence along the gastrointestinal tract of cats and dogs. 
Vet Res, 37, 281-93. 
STRASCHIL, U., TALMAN, A. M., FERGUSON, D. J., BUNTING, K. A., XU, Z., BAILES, E., 
SINDEN, R. E., HOLDER, A. A., SMITH, E. F., COATES, J. C. & RITA, T. 2010. The 
Armadillo repeat protein PF16 is essential for flagellar structure and function in Plasmodium 
male gametes. PLoS One, 5, e12901. 
STROUD, L. J., SLAPETA, J., PADULA, M. P., DRUERY, D., TSIOTSIORAS, G., COORSSEN, J. 
R. & STACK, C. M. 2017. Comparative proteomic analysis of two pathogenic Tritrichomonas 
foetus genotypes: there is more to the proteome than meets the eye. Int J Parasitol, 47, 203-
213. 
SUBBIAN, E., YABUTA, Y. & SHINDE, U. 2004. Positive selection dictates the choice between 
kinetic and thermodynamic protein folding and stability in subtilases. Biochemistry, 43, 
14348-60. 
SUN, S. C. 2008. Deubiquitylation and regulation of the immune response. Nature Reviews. 
Immunology, 8, 501-11. 
SUN, Z., STACK, C. & SLAPETA, J. 2012. Sequence differences in the diagnostic region of the 
cysteine protease 8 gene of Tritrichomonas foetus parasites of cats and cattle. Veterinary 
parasitology, 186, 445-9. 
SUTAK, R., TACHEZY, J., KULDA, J. & HRDY, I. 2004. Pyruvate decarboxylase, the target for 
omeprazole in metronidazole-resistant and iron-restricted Tritrichomonas foetus. Antimicrob 
Agents Chemother, 48, 2185-9. 
CHAPTER 6: REFERENCES   337 
SWANN, J., JAMSHIDI, N., LEWIS, N. E. & WINZELER, E. A. 2015. Systems analysis of host-
parasite interactions. Wiley Interdiscip Rev Syst Biol Med, 7, 381-400. 
SWITZER, M. E. & MC, K. T. 1951. A challenge to the voluntary general hospital. Hospital progress, 
32, 357-9. 
SZEMPRUCH, A. J., DENNISON, L., KIEFT, R., HARRINGTON, J. M. & HAJDUK, S. L. 2016. 
Sending a message: extracellular vesicles of pathogenic protozoan parasites. Nat Rev 
Microbiol, 14, 669-675. 
SZONYI, B., SRINATH, I., SCHWARTZ, A., CLAVIJO, A. & IVANEK, R. 2012. Spatio-temporal 
epidemiology of Tritrichomonas foetus infection in Texas bulls based on state-wide diagnostic 
laboratory data. Veterinary parasitology, 186, 450-5. 
TABEL, H., WEI, G. & SHI, M. 2008. T cells and immunopathogenesis of experimental African 
trypanosomiasis. Immunol Rev, 225, 128-39. 
TACHEZY, J., TACHEZY, R., HAMPL, V., SEDINOVA, M., VANACOVA, S., VRLIK, M., VAN 
RANST, M., FLEGR, J. & KULDAA, J. 2002. Cattle pathogen Tritrichomonas foetus 
(Riedmuller, 1928) and pig commensal Tritrichomonas suis (Gruby & Delafond, 1843) belong 
to the same species. The Journal of eukaryotic microbiology, 49, 154-63. 
TALBOT, J. A., NIELSEN, K. & CORBEIL, L. B. 1991. Cleavage of proteins of reproductive 
secretions by extracellular proteinases of Tritrichomonas foetus. Canadian journal of 
microbiology, 37, 384-90. 
TAN, S., TAN, H. T. & CHUNG, M. C. 2008. Membrane proteins and membrane proteomics. 
Proteomics, 8, 3924-32. 
TANAKA, K., MIZUSHIMA, T. & SAEKI, Y. 2012. The proteasome: molecular machinery and 
pathophysiological roles. Biol Chem, 393, 217-34. 
TANG, W., FEI, Y. & PAGE, M. 2012. Biological significance of RNA editing in cells. Mol 
Biotechnol, 52, 91-100. 
TATO, C. M., VILLARINO, A., CAAMANO, J. H., BOOTHBY, M. & HUNTER, C. A. 2003. 
Inhibition of NF-kappa B activity in T and NK cells results in defective effector cell 
expansion and production of IFN-gamma required for resistance to Toxoplasma gondii. J 
Immunol, 170, 3139-46. 
TAYLOR, K. A. 1998. Immune responses of cattle to African trypanosomes: protective or 
pathogenic? Int J Parasitol, 28, 219-40. 
TEWARI, R., BAILES, E., BUNTING, K. A. & COATES, J. C. 2010. Armadillo-repeat protein 
functions: questions for little creatures. Trends Cell Biol, 20, 470-81. 
THINGHOLM, T. E. & LARSEN, M. R. 2016. Phosphopeptide Enrichment by Immobilized Metal 
Affinity Chromatography. Methods Mol Biol, 1355, 123-33. 
THOMFORD, J. W., TALBOT, J. A., IKEDA, J. S. & CORBEIL, L. B. 1996. Characterization of 
extracellular proteinases of Tritrichomonas foetus. The Journal of parasitology, 82, 112-7. 
THOMPSON, J. N. 1998. Rapid evolution as an ecological process. Trends Ecol Evol, 13, 329-32. 
THOMPSON, R. C., OLSON, M. E., ZHU, G., ENOMOTO, S., ABRAHAMSEN, M. S. & HIJJAWI, 
N. S. 2005. Cryptosporidium and cryptosporidiosis. Advances in parasitology, 59, 77-158. 
TJALSMA, H., BOLHUIS, A., JONGBLOED, J. D., BRON, S. & VAN DIJL, J. M. 2000. Signal 
peptide-dependent protein transport in Bacillus subtilis: a genome-based survey of the 
secretome. Microbiology and Molecular Biology Reviews: MMBR, 64, 515-47. 
TOBY, T. K., FORNELLI, L. & KELLEHER, N. L. 2016. Progress in Top-Down Proteomics and the 
Analysis of Proteoforms. Annu Rev Anal Chem (Palo Alto Calif), 9, 499-519. 
TOLBERT, M. K. & GOOKIN, J. L. 2016. Mechanisms of Tritrichomonas foetus pathogenicity in 
cats with insights from venereal trichomonosis. Journal of veterinary internal medicine / 
American College of Veterinary Internal Medicine, 30, 516-26. 
TOLBERT, M. K., STAUFFER, S. H., BRAND, M. D. & GOOKIN, J. L. 2014. Cysteine protease 
activity of feline Tritrichomonas foetus promotes adhesion-dependent cytotoxicity to intestinal 
epithelial cells. Infection and immunity, 82, 2851-9. 
TOLBERT, M. K., STAUFFER, S. H. & GOOKIN, J. L. 2012. Feline Tritrichomonas foetus adhere to 
intestinal epithelium by receptor-ligand-dependent mechanisms. Veterinary parasitology. 
CHAPTER 6: REFERENCES   338 
TORGERSON, P. R., DEVLEESSCHAUWER, B., PRAET, N., SPEYBROECK, N., 
WILLINGHAM, A. L., KASUGA, F., ROKNI, M. B., ZHOU, X. N., FEVRE, E. M., SRIPA, 
B., GARGOURI, N., FURST, T., BUDKE, C. M., CARABIN, H., KIRK, M. D., ANGULO, 
F. J., HAVELAAR, A. & DE SILVA, N. 2015. World Health Organization Estimates of the 
Global and Regional Disease Burden of 11 Foodborne Parasitic Diseases, 2010: A Data 
Synthesis. PLoS medicine, 12, e1001920. 
TRAN, J. C., ZAMDBORG, L., AHLF, D. R., LEE, J. E., CATHERMAN, A. D., DURBIN, K. R., 
TIPTON, J. D., VELLAICHAMY, A., KELLIE, J. F., LI, M., WU, C., SWEET, S. M., 
EARLY, B. P., SIUTI, N., LEDUC, R. D., COMPTON, P. D., THOMAS, P. M. & 
KELLEHER, N. L. 2011. Mapping intact protein isoforms in discovery mode using top-down 
proteomics. Nature, 480, 254-8. 
TRAVASSOS, M. A. & LAUFER, M. K. 2009. Resistance to antimalarial drugs: molecular, 
pharmacologic, and clinical considerations. Pediatr Res, 65, 64R-70R. 
TRAVING, C. & SCHAUER, R. 1998. Structure, function and metabolism of sialic acids. Cell Mol 
Life Sci, 54, 1330-49. 
TREECK, M., SANDERS, J. L., ELIAS, J. E. & BOOTHROYD, J. C. 2011. The phosphoproteomes 
of Plasmodium falciparum and Toxoplasma gondii reveal unusual adaptations within and 
beyond the parasites' boundaries. Cell Host Microbe, 10, 410-9. 
TSCHAN, S., MORDMULLER, B. & KUN, J. F. 2011. Threonine peptidases as drug targets against 
malaria. Expert Opin Ther Targets, 15, 365-78. 
TSIGANKOV, P., GHERARDINI, P. F., HELMER-CITTERICH, M., SPATH, G. F., MYLER, P. J. 
& ZILBERSTEIN, D. 2014. Regulation dynamics of Leishmania differentiation: 
deconvoluting signals and identifying phosphorylation trends. Mol Cell Proteomics, 13, 1787-
99. 
TSIGANKOV, P., GHERARDINI, P. F., HELMER-CITTERICH, M., SPATH, G. F. & 
ZILBERSTEIN, D. 2013. Phosphoproteomic analysis of differentiating Leishmania parasites 
reveals a unique stage-specific phosphorylation motif. J Proteome Res, 12, 3405-12. 
TUNIO, S. A., OLDFIELD, N. J., BERRY, A., ALA'ALDEEN, D. A., WOOLDRIDGE, K. G. & 
TURNER, D. P. 2010. The moonlighting protein fructose-1, 6-bisphosphate aldolase of 
Neisseria meningitidis: surface localization and role in host cell adhesion. Mol Microbiol, 76, 
605-15. 
TURK, B., TURK, D. & SALVESEN, G. S. 2002. Regulating cysteine protease activity: essential role 
of protease inhibitors as guardians and regulators. Current pharmaceutical design, 8, 1623-
1637. 
TURK, V., STOKA, V., VASILJEVA, O., RENKO, M., SUN, T., TURK, B. & TURK, D. 2012. 
Cysteine cathepsins: from structure, function and regulation to new frontiers. Biochim Biophys 
Acta, 1824, 68-88. 
TWU, O., DE MIGUEL, N., LUSTIG, G., STEVENS, G. C., VASHISHT, A. A., 
WOHLSCHLEGEL, J. A. & JOHNSON, P. J. 2013. Trichomonas vaginalis exosomes deliver 
cargo to host cells and mediate host-parasite interactions. PLoS Pathog, 9, e1003482. 
TYERS, M. & MANN, M. 2003. From genomics to proteomics. Nature, 422, 193-7. 
TYSNES, K., GJERDE, B., NODTVEDT, A. & SKANCKE, E. 2011. A cross-sectional study of 
Tritrichomonas foetus infection among healthy cats at shows in Norway. Acta Vet Scand, 53, 
39. 
UJANG, J. A., KWAN, S. H., ISMAIL, M. N., LIM, B. H., NOORDIN, R. & OTHMAN, N. 2016. 
Proteome analysis of excretory-secretory proteins of Entamoeba histolytica HM1:IMSS via 
LC-ESI-MS/MS and LC-MALDI-TOF/TOF. Clin Proteomics, 13, 33. 
UNAL, C. M. & STEINERT, M. 2014. Microbial peptidyl-prolyl cis/trans isomerases (PPIases): 
virulence factors and potential alternative drug targets. Microbiol Mol Biol Rev, 78, 544-71. 
UNIPROT CONSORTIUM 2015. UniProt: a hub for protein information. Nucleic Acids Res, 43, 
D204-12. 
UPCROFT, J. A., DUNN, L. A., WAL, T., TABRIZI, S., DELGADILLO-CORREA, M. G., 
JOHNSON, P. J., GARLAND, S., SIBA, P. & UPCROFT, P. 2009. Metronidazole resistance 
in Trichomonas vaginalis from highland women in Papua New Guinea. Sex Health, 6, 334-8. 
CHAPTER 6: REFERENCES   339 
UPCROFT, J. A. & UPCROFT, P. 2001a. Drug susceptibility testing of anaerobic protozoa. 
Antimicrob Agents Chemother, 45, 1810-4. 
UPCROFT, P. & UPCROFT, J. A. 2001b. Drug targets and mechanisms of resistance in the anaerobic 
protozoa. Clinical microbiology reviews, 14, 150-64. 
VALCK, C., RAMIREZ, G., LOPEZ, N., RIBEIRO, C. H., MALDONADO, I., SANCHEZ, G., 
FERREIRA, V. P., SCHWAEBLE, W. & FERREIRA, A. 2010. Molecular mechanisms 
involved in the inactivation of the first component of human complement by Trypanosoma 
cruzi calreticulin. Mol Immunol, 47, 1516-21. 
VALCU, C.-M. & VALCU, M. 2007. Reproducibility of Two-Dimensional Gel Electrophoresis at 
Different Replication Levels. Journal of Proteome Research, 6, 4677-4683. 
VAN DOORN, D., DE BRUIN, M., JORRITSMA, R., PLOEGER, H. & SCHOORMANS, A. 2009. 
Prevalence of Tritrichomonas foetus among Dutch cats. Tijdschr Diergeneeskd 134, 698–700  
VANACOVA, S., RASOLOSON, D., RAZGA, J., HRDY, I., KULDA, J. & TACHEZY, J. 2001. 
Iron-induced changes in pyruvate metabolism of Tritrichomonas foetus and involvement of 
iron in expression of hydrogenosomal proteins. Microbiology, 147, 53-62. 
VANDOOREN, J., GEURTS, N., MARTENS, E., VAN DEN STEEN, P. E. & OPDENAKKER, G. 
2013. Zymography methods for visualizing hydrolytic enzymes. Nat Methods, 10, 211-20. 
VERHAM, R., MEEK, T. D., HEDSTROM, L. & WANG, C. C. 1987. Purification, characterization, 
and kinetic analysis of inosine 5'-monophosphate dehydrogenase of Tritrichomonas foetus. 
Mol Biochem Parasitol, 24, 1-12. 
VINCENSINI, L., RICHERT, S., BLISNICK, T., VAN DORSSELAER, A., LEIZE-WAGNER, E., 
RABILLOUD, T. & BRAUN BRETON, C. 2005. Proteomic analysis identifies novel proteins 
of the Maurer's clefts, a secretory compartment delivering Plasmodium falciparum proteins to 
the surface of its host cell. Mol Cell Proteomics, 4, 582-93. 
VOGEL, C. & MARCOTTE, E. M. 2012. Insights into the regulation of protein abundance from 
proteomic and transcriptomic analyses. Nat Rev Genet, 13, 227-232. 
WAGHABI, M. C., KERAMIDAS, M., BAILLY, S., DEGRAVE, W., MENDONCA-LIMA, L., 
SOEIRO MDE, N., MEIRELLES MDE, N., PACIORNIK, S., ARAUJO-JORGE, T. C. & 
FEIGE, J. J. 2005. Uptake of host cell transforming growth factor-beta by Trypanosoma cruzi 
amastigotes in cardiomyocytes: potential role in parasite cycle completion. Am J Pathol, 167, 
993-1003. 
WALKER, D. M., OGHUMU, S., GUPTA, G., MCGWIRE, B. S., DREW, M. E. & SATOSKAR, A. 
R. 2014. Mechanisms of cellular invasion by intracellular parasites. Cell Mol Life Sci, 71, 
1245-63. 
WALSH, C. T., GARNEAU-TSODIKOVA, S. & GATTO, G. J., JR. 2005. Protein posttranslational 
modifications: the chemistry of proteome diversifications. Angew Chem Int Ed Engl, 44, 
7342-72. 
WALTHER, T. C. & MANN, M. 2010. Mass spectrometry-based proteomics in cell biology. J Cell 
Biol, 190, 491-500. 
WANG, C. C., VERHAM, R., RICE, A. & TZENG, S. 1983a. Purine salvage by Tritrichomonas 
foetus. Mol Biochem Parasitol, 8, 325-37. 
WANG, C. C., VERHAM, R., TZENG, S. F., ALDRITT, S. & CHENG, H. W. 1983b. Pyrimidine 
metabolism in Tritrichomonas foetus. Proc Natl Acad Sci U S A, 80, 2564-8. 
WANG, C. C., WANG, A. L. & RICE, A. 1984. Tritrichomonas foetus: partly defined cultivation 
medium for study of the purine and pyrimidine metabolism. Exp Parasitol, 57, 68-75. 
WANG, P., BOUWMAN, F. G. & MARIMAN, E. C. 2009. Generally detected proteins in 
comparative proteomics-a matter of cellular stress response? Proteomics, 9, 2955-66. 
WANG, X., LIU, Q. & ZHANG, B. 2014. Leveraging the complementary nature of RNA-Seq and 
shotgun proteomics data. Proteomics, 14, 2676-87. 
WASMUTH, J. D. & BLAXTER, M. L. 2004. prot4EST: translating expressed sequence tags from 
neglected genomes. BMC Bioinformatics, 5, 187. 
WASTLING, J. M., ARMSTRONG, S. D., KRISHNA, R. & XIA, D. 2012. Parasites, proteomes and 
systems: has Descartes' clock run out of time? Parasitology, 139, 1103-18. 
CHAPTER 6: REFERENCES   340 
WATERKEYN, J. G., WICKHAM, M. E., DAVERN, K. M., COOKE, B. M., COPPEL, R. L., 
REEDER, J. C., CULVENOR, J. G., WALLER, R. F. & COWMAN, A. F. 2000. Targeted 
mutagenesis of Plasmodium falciparum erythrocyte membrane protein 3 (PfEMP3) disrupts 
cytoadherence of malaria-infected red blood cells. EMBO J, 19, 2813-23. 
WEBER, C., KOUTERO, M., DILLIES, M. A., VARET, H., LOPEZ-CAMARILLO, C., COPPEE, J. 
Y., HON, C. C. & GUILLEN, N. 2016. Extensive transcriptome analysis correlates the 
plasticity of Entamoeba histolytica pathogenesis to rapid phenotype changes depending on the 
environment. Sci Rep, 6, 35852. 
WEIDNER, J. M., KANATANI, S., UCHTENHAGEN, H., VARAS-GODOY, M., SCHULTE, T., 
ENGELBERG, K., GUBBELS, M. J., SUN, H. S., HARRISON, R. E., ACHOUR, A. & 
BARRAGAN, A. 2016. Migratory activation of parasitized dendritic cells by the protozoan 
Toxoplasma gondii 14-3-3 protein. Cell Microbiol. 
WELLEMS, T. E. & PLOWE, C. V. 2001. Chloroquine-resistant malaria. The Journal of infectious 
diseases, 184, 770-6. 
WELLHAUSEN, S. R. & MANSFIELD, J. M. 1979. Lymphocyte function in experimental African 
trypanosomiasis. II. Splenic suppressor cell activity. J Immunol, 122, 818-24. 
WENRICH, D. & EMMERSON, M. 1933. Studies on the morphology of Tritrichomonas foetus 
(Riedmüller)(Protozoa, Flagellata) from American cows. Journal of Morphology, 55, 193-205. 
WENRICH, D. H. 1935. Host-parasite relations between parasitic protozoa and their hosts. 
Proceedings of the American Philosophical Society, 75, 605-650. 
WIGGINS, R., HICKS, S. J., SOOTHILL, P. W., MILLAR, M. R. & CORFIELD, A. P. 2001. 
Mucinases and sialidases: their role in the pathogenesis of sexually transmitted infections in 
the female genital tract. Sex Transm Infect, 77, 402-8. 
WILKINS, M. R., GASTEIGER, E., SANCHEZ, J. C., BAIROCH, A. & HOCHSTRASSER, D. F. 
1998. Two-dimensional gel electrophoresis for proteome projects: the effects of protein 
hydrophobicity and copy number. Electrophoresis, 19, 1501-5. 
WILLIAMSON, S. H. 2017. Seven Ways to Compute the Relative Value of a U.S. Dollar Amount, 
1774 to present [Online]. MeasuringWorth. Available: 
https://www.measuringworth.com/uscompare/ [Accessed]. 
WIRA, C. R., ROSSOLL, R. M. & KAUSHIC, C. 2000. Antigen-presenting cells in the female 
reproductive tract: influence of estradiol on antigen presentation by vaginal cells. 
Endocrinology, 141, 2877-85. 
WISNIEWSKI, J. R., ZOUGMAN, A., NAGARAJ, N. & MANN, M. 2009. Universal sample 
preparation method for proteome analysis. Nat Methods, 6, 359-62. 
WITTMANN-LIEBOLD, B., GRAACK, H. R. & POHL, T. 2006. Two-dimensional gel 
electrophoresis as tool for proteomics studies in combination with protein identification by 
mass spectrometry. Proteomics, 6, 4688-703. 
WITZE, E. S., OLD, W. M., RESING, K. A. & AHN, N. G. 2007. Mapping protein post-translational 
modifications with mass spectrometry. Nat Methods, 4, 798-806. 
WOESSNER, D. J. & DAWSON, S. C. 2012. The Giardia median body protein is a ventral disc 
protein that is critical for maintaining a domed disc conformation during attachment. Eukaryot 
Cell, 11, 292-301. 
WOLFERT, M. A. & BOONS, G. J. 2013. Adaptive immune activation: glycosylation does matter. 
Nat Chem Biol, 9, 776-84. 
WONG, W. K., TAN, Z. N., OTHMAN, N., LIM, B. H., MOHAMED, Z., OLIVOS GARCIA, A. & 
NOORDIN, R. 2011. Analysis of Entamoeba histolytica excretory-secretory antigen and 
identification of a new potential diagnostic marker. Clin Vaccine Immunol, 18, 1913-7. 
WORLD HEALTH ORGANIZATION 2001. Global prevalence and incidence of selected curable 
sexually transmitted infections. World Health Organization, Geneva, Switerland. 
WORLD HEALTH ORGANIZATION 2004. Malaria and HIV interactions and their implications for 
public health policy. Report of a technical consultation, Geneva, Switzerland, 23-25 June. 
World Health Organization, Geneva, Switzerland. 
WORLD HEALTH ORGANIZATION 2010. Working to overcome the global impact of neglected 
tropical diseases. World Health Organization,, Geneva, Switzerland. 
CHAPTER 6: REFERENCES   341 
WORLD HEALTH ORGANIZATION 2012. Global incidence and prevalence of selected curable 
sexually transmitted infections - 2008. World Health Organization, Geneva, Switzerland. 
WORLD HEALTH ORGANIZATION 2015. World malaria report 2015. World Health Organization, 
Geneva, Switzerland., 1-280. 
WORLD ORGANISATION FOR ANIMAL HEALTH (OIE). 2017. OIE-Listed diseases, infections 
and infestations in force in 2017 [Online]. Available: http://www.oie.int/animal-health-in-the-
world/oie-listed-diseases-2016/ [Accessed 13th March 2017]. 
WOUDWYK, M. A., GIMENO, E. J., SOTO, P., BARBEITO, C. G. & MONTEAVARO, C. E. 2013. 
Lectin binding pattern in the uterus of pregnant mice infected with Tritrichomonas foetus. J 
Comp Pathol, 149, 341-5. 
WRIGHT, J. M., WEBB, R. I., O'DONOGHUE, P., UPCROFT, P. & UPCROFT, J. A. 2010. 
Hydrogenosomes of laboratory-induced metronidazole-resistant Trichomonas vaginalis lines 
are downsized while those from clinically metronidazole-resistant isolates are not. The 
Journal of eukaryotic microbiology, 57, 171-6. 
WU, L., WANG, X., LI, Y., LIU, Y., SU, D., FU, T., GUO, F., GU, L., JIANG, X., CHEN, S. & 
CAO, J. 2016. Toxoplasma gondii ROP18: potential to manipulate host cell mitochondrial 
apoptosis. Parasitol Res, 115, 2415-22. 
XENOULIS, P. G., LOPINSKI, D. J., READ, S. A., SUCHODOLSKI, J. S. & STEINER, J. M. 2013. 
Intestinal Tritrichomonas foetus infection in cats: a retrospective study of 104 cases. J Feline 
Med Surg, 15, 1098-103. 
XENOULIS, P. G., SARIDOMICHELAKIS, M. N., READ, S. A., SUCHODOLSKI, J. S. & 
STEINER, J. M. 2010. Detection of Tritrichomonas foetus in cats in Greece. J Feline Med 
Surg, 12, 831-3. 
XIMENEZ, C., GONZALEZ, E., NIEVES, M. E., SILVA-OLIVARES, A., SHIBAYAMA, M., 
GALINDO-GOMEZ, S., ESCOBAR-HERRERA, J., GARCIA DE LEON MDEL, C., 
MORAN, P., VALADEZ, A., ROJAS, L., HERNANDEZ, E. G., PARTIDA, O. & 
CERRITOS, R. 2014. Entamoeba histolytica and E. dispar Calreticulin: inhibition of classical 
complement pathway and differences in the level of expression in amoebic liver abscess. 
Biomed Res Int, 2014, 127453. 
XIMENEZ, C., MORAN, P., ROJAS, L., VALADEZ, A. & GOMEZ, A. 2009. Reassessment of the 
epidemiology of amebiasis: state of the art. Infection, genetics and evolution : journal of 
molecular epidemiology and evolutionary genetics in infectious diseases, 9, 1023-32. 
YADAV, M., GUPTA, I. & MALLA, N. 2005. Kinetics of immunoglobulin G, M, A and IgG subclass 
responses in experimental intravaginal trichomoniasis: prominence of IgG1 response. Parasite 
immunology, 27, 461-7. 
YANG, W., LI, E., KAIRONG, T. & STANLEY, S. L., JR. 1994. Entamoeba histolytica has an 
alcohol dehydrogenase homologous to the multifunctional adhE gene product of Escherichia 
coli. Mol Biochem Parasitol, 64, 253-60. 
YAO, C. 2013. Diagnosis of Tritrichomonas foetus-infected bulls, an ultimate approach to eradicate 
bovine trichomoniasis in US cattle? J Med Microbiol, 62, 1-9. 
YAO, C. & KOSTER, L. S. 2015a. Tritrichomonas foetus infection, a cause of chronic diarrhea in the 
domestic cat. Vet Res, 46, 35. 
YAO, C. & KOSTER, L. S. 2015b. Tritrichomonas foetus infection, a cause of chronic diarrhea in the 
domestic cat. Veterinary research, 46, 35. 
YARLETT, N., LINDMARK, D. G., GOLDBERG, B., MOHARRAMI, M. A. & BACCHI, C. J. 
1994. Subcellular localization of the enzymes of the arginine dihydrolase pathway in 
Trichomonas vaginalis and Tritrichomonas foetus. J Eukaryot Microbiol, 41, 554-9. 
YARLETT, N., MARTINEZ, M. P., MOHARRAMI, M. A. & TACHEZY, J. 1996. The contribution 
of the arginine dihydrolase pathway to energy metabolism by Trichomonas vaginalis. Mol 
Biochem Parasitol, 78, 117-25. 
YARLETT, N., YARLETT, N. C. & LLOYD, D. 1986. Metronidazole-resistant clinical isolates of 
Trichomonas vaginalis have lowered oxygen affinities. Mol Biochem Parasitol, 19, 111-6. 
YATES, J. R., 3RD 1998. Mass spectrometry and the age of the proteome. J Mass Spectrom, 33, 1-19. 
CHAPTER 6: REFERENCES   342 
YATES, J. R., 3RD 2013. The revolution and evolution of shotgun proteomics for large-scale 
proteome analysis. J Am Chem Soc, 135, 1629-40. 
YEH, Y. M., HUANG, K. Y., RICHIE GAN, R. C., HUANG, H. D., WANG, T. C. & TANG, P. 
2013a. Phosphoproteome profiling of the sexually transmitted pathogen Trichomonas 
vaginalis. J Microbiol Immunol Infect, 46, 366-73. 
YEH, Y. M., HUANG, K. Y., RICHIE GAN, R. C., HUANG, H. D., WANG, T. C. & TANG, P. 
2013b. Phosphoproteome profiling of the sexually transmitted pathogen Trichomonas 
vaginalis. Journal of microbiology, immunology, and infection = Wei mian yu gan ran za zhi, 
46, 366-73. 
YERGEY, A. L., COORSSEN, J. R., BACKLUND, P. S., JR., BLANK, P. S., HUMPHREY, G. A., 
ZIMMERBERG, J., CAMPBELL, J. M. & VESTAL, M. L. 2002. De novo sequencing of 
peptides using MALDI/TOF-TOF. Journal of the American Society for Mass Spectrometry, 
13, 784-91. 
YOSHIDA, N., TYLER, K. M. & LLEWELLYN, M. S. 2011. Invasion mechanisms among emerging 
food-borne protozoan parasites. Trends in parasitology, 27, 459-66. 
YULE, A., SKIRROW, S. Z. & BONDURAN, R. H. 1989. Bovine trichomoniasis. Parasitology 
today, 5, 373-7. 
ZACHARA, N. E. & HART, G. W. 2006. Cell signaling, the essential role of O-GlcNAc! Biochim 
Biophys Acta, 1761, 599-617. 
ZAMBRANO-VILLA, S., ROSALES-BORJAS, D., CARRERO, J. C. & ORTIZ-ORTIZ, L. 2002. 
How protozoan parasites evade the immune response. Trends in parasitology, 18, 272-8. 
ZERIAL, M. & MCBRIDE, H. 2001. Rab proteins as membrane organizers. Nat Rev Mol Cell Biol, 2, 
107-17. 
ZHANG, L., LUO, S. & ZHANG, B. 2016. Glycan analysis of therapeutic glycoproteins. MAbs, 8, 
205-15. 
ZHANG, Y., FONSLOW, B. R., SHAN, B., BAEK, M. C. & YATES, J. R., 3RD 2013. Protein 
analysis by shotgun/bottom-up proteomics. Chemical reviews, 113, 2343-94. 
ZHEN, Y. & STENMARK, H. 2015. Cellular functions of Rab GTPases at a glance. J Cell Sci, 128, 
3171-6. 
ZHOU, H., ZHAO, Q., DAS SINGLA, L., MIN, J., HE, S., CONG, H., LI, Y. & SU, C. 2013. 
Differential proteomic profiles from distinct Toxoplasma gondii strains revealed by 2D-
difference gel electrophoresis. Exp Parasitol, 133, 376-82. 
ZHOU, M., THEUNISSEN, D., WELS, M. & SIEZEN, R. J. 2010. LAB-Secretome: a genome-scale 
comparative analysis of the predicted extracellular and surface-associated proteins of Lactic 
Acid Bacteria. BMC genomics, 11, 651. 
ZUBACOVA, Z., CIMBUREK, Z. & TACHEZY, J. 2008. Comparative analysis of trichomonad 
genome sizes and karyotypes. Mol Biochem Parasitol, 161, 49-54. 
ZUCCA, M. & SAVOIA, D. 2011. Current developments in the therapy of protozoan infections. The 
open medicinal chemistry journal, 5, 4-10. 
ZYBAILOV, B., MOSLEY, A. L., SARDIU, M. E., COLEMAN, M. K., FLORENS, L. & 
WASHBURN, M. P. 2006. Statistical analysis of membrane proteome expression changes in 
Saccharomyces cerevisiae. J Proteome Res, 5, 2339-47. 
ZYBAILOV, B. L., FLORENS, L. & WASHBURN, M. P. 2007. Quantitative shotgun proteomics 
using a protease with broad specificity and normalized spectral abundance factors. Mol 
Biosyst, 3, 354-60. 
 
